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A b s t r a c t
An all-sky sam ple of essentially all the rad io  galaxies w ithin 30000 km s-1 down to a 
fiux-density  lim it of abou t 0.5 Jy  a t 1.4 GHz is assembled from  the  Parkes, Bologna, 
Jodre ll B ank and  B onn surveys. T he ease an d  uniform ity w ith  w hich th is class of object 
can be selected render them  as excellent s ta tis tica l probes of th e  large-scale structu re . 
T his thesis is concerned w ith an  app lica tion  of th e  sam ple to  stu d y  clustering and 
stream ing  m otions in  the universe on 10 — 100/x-1 M pc scales.
T he observational database acquired  the  rad io  galaxies com prise spectroscopic 
redshifts and  I  ban d  CCD fram es, w ith  add itional B  fram es for a  few of the galaxies. 
T hese allow a  sim ple d istance ind icato r re la tio n  for the  radio galaxies to  be derived by 
fittin g  deV aucouleurs em pirical r 1/4 law  to  th e  azim uthally-averaged surface brightness 
profiles of th e  galaxies. This yields an  effective size p aram ete r re and a  distance- 
independen t surface-brightness /x for ca lib ra ting  the ‘stan d ard  ro d s ’. In term s of rms 
sca tte r, the  ¡i—re re la tion  yields re la tive d istance accurate  to  ab o u t 28%. This com pares 
favourably  w ith  o th er distance ind icato rs which incorporate  velocity  dispersions, yet it 
has th e  advan tage th a t  the photom etric param eters  /x and re are very straightforw ard  
to  m easure.
A useful p aram ete r describing the  richness of the  environm ents of rad io  galaxies 
is th e  am plitude of the spatial cross-correlation function B gr. Its  calculation in the 
p as t has involved using full sets of galaxy  counts, no tab ly  th e  Lick counts to  do the 
cross-correlation. In the absence of such a  set of galaxy counts, for declinations south  
of —23°, i t  is shown th a t the Abell cluster catalogue can be used to  ob ta in  a  reasonable 
e s tim ate  of B gr. Considering the all-sky sam ple as a  whole it is found th a t ,  on average, 
rad io  galaxies reside in systems of A bell richness R  ~  0. A search for correlations 
betw een radio lum inosity  and B gr for the  radio galaxies is perform ed bu t none are 
found. Sim ilarly, no evidence is found for correlations betw een optical lum inosity and 
Bgr .
T he 3-d correlation  function for rad io  galaxies is calculated here for the first tim e. 
A strong  signal is detected, although no t as strong  as some reports  in the  past of the 
cluster-cluster correlation function w ould have suggested. T here  is no trend  for the 
clustering signal to  show a system atic increase or decrease if rad io  galaxies in  bands 
of rad io  lum inosity  are considered separately . No evidence is found to  support the 
claim  by Tully th a t rich clusters are aligned along th e  supergalactic  plane and exhibit 
correlated  s tru c tu re  on a  scale 0.1c.
Peculiar velocities are derived for the  radio galaxies using th e  /x — re re lation and 
these are analysed in  term s of simple dipole and quadrupole m odels for the m otion of 
the Local G roup. Large error bars on the  dipole solution are traced  to significant off- 
diagonal elem ents in  the error covariance m atrix  which tells us how the errors in each
of the  6 free param eters  in  the  non-linear least squares fit of the  m odel to  the d a ta  are 
coupled together. M onte-carlo  sim ulations for an  isotropised sky-d istribu tion  suggests 
th a t  the large errors are a consequence of an  anisotropic sky coverage -  no tab ly  the 
sparse num ber of galaxies th a t  were observed in  the  southern  hem isphere relative to 
th e  n o rth . A different technique for analysing peculiar velocities is to use the velocity 
au tocorre la tion  tensor. Im provem ents are shown to exist over previous calculations -  
p rincipally  a b e tte r  w eighting function  can be com puted from  the  d a ta  itself and then 
fed itera tively  back in to  the  calculation. These im provem ents are im plem ented here, 
a lthough  the overall effects they m ake to  the  solu tion  are slight.
A simple m odel for biased galaxy fo rm ation  is considered in  which the non-linear 
dark  m a tte r  clum ps are identified as sites for galaxy form ation  and their lum inosity is 
assum ed to  be p roportiona l to  the  p ro d u c t of some power of their mass and a power 
of th e  collapse redshift of the  system . T he im plications of subjecting  these system s 
to  a  long-w avelength density  p e rtu rb a tio n  are exam ined. It tu rn s  out th a t  the Faber- 
Jackson  re la tion  for elliptical galaxies should exhibit system atic  offsets which correlate 
w ith  the  richness of th e ir environm ents. This is a  testab le  prediction. A large sam ple 
of elliptical galaxies w ith  pho tom etric  and  kinem atic d a ta  are em ployed. No system atic 
offsets are found for e ither the Faber-Jackson  re la tion  or the D n — o v relation. Offsets 
are shown to exist for system s which typically  in h ab it extrem ely  poor environm ents, 
such such as spiral bulges, and extrem ely  rich environm ents such as radio galaxies and 
B righ test C luster M em bers. Offsets are found and  they are in th e  right sense for them  
to  be a ttr ib u te d  to  the  operation  of b ias. However, o ther m ore likely explanations 
are possible. A t face value the  d a ta  exam ined here seem to suggest th a t  the d istance 
ind ica to r relations are effectively unbiased.
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C h a p t e r  1
General Introduction
1.1 I n t r o d u c t io n
R adio galaxies are furnished w ith  a  num ber of desirable properties th a t  have established 
them  as pow erful cosmological probes. T heir strong  emission a t radio wavelengths can be 
detected  a t large distances and acts as a  convenient po in ter to  high-redshift galaxies. This 
has been exploited for the  3CR-like sam ples to  study  galaxy form ation  and evolution at 
large look-back tim es (e.g. Lilly & Longair 1984; E isenhard t & Lebofsky 1987). Similarly, 
the  Parkes Selected Region Survey (D unlop & Peacock 1990) has been used to  exam ine the 
‘redshift-cutoff ’ for steep spectrum  radio sources and the form  of th e  Radio Lum inosity 
Function (R LF) a t high redshifts.
In th is thesis the  em phasis is on the n a tu re  of th e  p resent-day  s tru c tu re  of the universe 
ra th e r th an  th a t  a t d is tan t epochs. Our study  utilises a  fu rther im p o rtan t p roperty  of 
radio  galaxies: the  ease and uniform ity  w ith  which th is class of ob ject can be selected 
render them  as excellent s ta tis tica l probes of the  large-scale s truc tu re . Accordingly, an 
all-sky sam ple of nearby radio galaxies is assem bled from th e  Parkes, Bologna, Jodrell 
B ank and  Bonn surveys down to  an  approx im ate flux-density lim it of 0.5 Jy  at 1.4 GHz. 
Redshift cutoffs are im posed on the sam ple selection a t z =  0.01 and z =  0.1, so th a t the 
final sam ple probes the cosmologically in teresting  regime from 10 — 100/i-1 M pc [h = H 0 
in un its of 100kms_1M pc- 1 ). This d issertation  is prim arily  concerned w ith a s ta tis tica l 
s tudy  of clustering and stream ing m otions on the above scale.
V ital clues to  the n a tu re  of the  partic le  conten t of the universe and the prim ordial spec­
tru m  of density  fluctuations can be found by studying the present-day  d istribu tion  and 
dynam ical behaviour of m a tte r  on scales extending from  ju s t outside the Local Group
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of galaxies to redsliifts of abou t one-tentli (Kolb & T urner 1990 and references therein). 
O ptically  selected sam ples of objects have been used alm ost exclusively in the  past to 
investigate  this dom ain w ith  some debatable results. In p articu la r, the rea lity  of large- 
scale stream ing  m otions (Davis & Peebles 1983a; G unn 1988) and positive correlations 
in  the  d is trib u tio n  of Abell clusters on > 50/i- 1 M pc scales (Ling, Frenk & B arrow  1986; 
S u therland  1988) has been the  subject of m uch controversy. T he im plied existence of very 
large-scale density  inhom ogeneities in  the universe pu ts  severe constra in ts on any m odel 
w hich a ttem p ts  to  explain the  origin and grow th of cosmic s tru c tu re . T he favoured S tan ­
d ard  Cold D ark M a tte r  (CD M ) m odel, in  which s tru c tu re  forms from  the  g rav ita tiona l 
am plification of infinitessim al fluctuations laid  down a t very early  tim es, is one such such 
scenario which apparen tly  has problem s try ing  to  accom m odate these observations {e.g. 
E fsta th io u  1990).
One of the  m ain m otivations for this thesis is a desire to  try  and shed some light on 
th is issue by providing some fu rther observations, b u t from  a novel perspective. O ptically 
selected sam ples of norm al galaxies are dispensed w ith  in  favour of an all-sky sam ple of 
rad io  galaxies which, we shall argue, is expected to  be free from  a num ber of system atic  
biases w hich m ay have influenced the outcom e of previous observations of the  large-scale 
s tru c tu re  to  an  unknow n exten t.
These observations take  the  form  of optical spectroscopy and CCD photom etry . Al­
though  the  applications of the d a ta  are prim arily  geared tow ards studying  the  large-scale 
s tru c tu re , i t  is im p o rtan t to  no te th a t they can also help to  develop new insights in to  
several aspects of the  radio  phenom enon itself. A tten tion  here is focussed tow ards the 
relationsh ips betw een the local cluster environm ents of rad io  galaxies w ith  their radio 
and optical properties. This has already been shown by o thers to  form a fru itfu l line 
of research (Longair & Seldner 1979; Lilly & P restage 1987; P restage & Peacock 1988) 
a lthough  some im p o rtan t issues still s tand  to  be resolved.
T his general in troduction  to  the thesis provides a  brief b u t com prehensive overview of 
the  large-scale s tru c tu re  from  b o th  the  theoretical and observational view points. An 
o p p o rtu n ity  is taken  to  present some no ta tion  which will be required for la te r  C hapters. 
Some issues, such as microwave background anisotropies and the epoch of galaxy form ation
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are not directly  re levant to  the  present work bu t I have included a  short descrip tion here 
for the  sake of com pleteness and  also so th a t their value as probes of the large-scale 
s tru c tu re  m ight be weighed alongside clustering and stream ing  velocities, which are the 
principal subjects of th is  d issertation.
1.2 T h e  L a rg e -S c a le  S t r u c t u r e  o f  th e  U n iv e r s e
In order to  keep pace w ith  recent advances in  theoretical and observational studies of the 
large-scale s tru c tu re  and  galaxy form ation , there have been a num ber of lucid trea tm en ts  
of th e  sub ject a t a  varie ty  of levels. T he list is som ew hat exhaustive bu t reviews by 
E fsta th iou  & Silk (1983) and m ore recently  the  book by Kolb & T urner (1990) cover 
m ost of the  relevant background m ateria l th a t is necessary for this thesis. T he present 
overview is m erely designed to  in troduce some key theoretical ideas which have been 
proposed to  explain th e  origin of large-scale s tru c tu re  and exam ines how well these stand  
up to  observations. We begin by tracing  the origin of large-scale s tru c tu re  in a  roughly 
chronological order from  the generation of fluctuations in the early universe th rough  to 
the curren t epoch.
1.2.1 T H E  C O S M O L O G I C A L  P R I N C I P L E  AND I S O T R O P Y  OF T H E  U N I VE R S E
I t is w orthw hile bearing  in m ind th a t the departures from  hom ogeneity in the  d istribu tion  
and dynam ical behaviour of m a tte r  in the  universe, such as those im plied by observations 
of peculiar m otions of galaxies and positive cluster correlations which we seek to  reli­
ably quantify  in  th is thesis, are local phenom ena only. The Cosmological P rinciple (C P ) 
combines the C opernican postu la te  th a t  we are no t in any way privileged observers w ith 
the observation  th a t the  universe appears isotropic in  all its  m easured properties. This 
iso tropy is only app aren t however if we envisage sm oothing out all the local s tru c tu re . In 
a  universe w hich satisfies the CP it is easy to  dem onstrate  th a t pure expansion (or indeed 
contraction) are th e  only perm issable velocity fields. In the no ta tio n  of G unn (1978) the
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velocity of an  observer can be expressed in C artesian  coord inates as follows
Vj(x l , x 2, x 3) = ( L 1 )
i
T he velocity g rad ien t d v j / d x 1 is a  3 x 3 m atrix  which can be decom posed in to  th ree  term s: 
a m ultip le  of the  iden tity ; a  traceless sym m etric p a rt; a  skew p a r t. T hus the velocity field 
can be w ritten
v = H6x  + £  • <5x + x ¿x (1-2)
where H  is th e  expansion scalar, or m ore fam iliarly  the  Hubble p aram ete r, £  the  shear 
tensor, and  O  the angular velocity. The isotropy constra in t dem ands th a t  the  first two 
term s drop out leaving
v =  H x  (1.3)
T his sim ple form ula for the recession velocity, expressing its  p ro p o rtio n ality  to  distance, is 
ju s t the  fam iliar Hubble flow. T here is a  g reat deal of ac tiv ity  in  observational cosmology 
a t th e  present tim e to  search for system atic departu res from  the  H ubble flow on large-
scales -  th is subject is dealt w ith  in  some detail in C hap ters Six and Seven. From  the
theo re tica l po in t of view, large-scale coherent flows are presum ably  driven by g rav ity  and 
thus their am plitude and direction can pu t severe constra in ts upon the size of density 
inhom ogeneities in  th e  universe.
1 .2 .2  BI G BA N G C O S M O L O G Y
T he C P can be com bined w ith  an assum ption th a t  E in ste in ’s field equations provide a 
correct description of gravity, to  m odel the evolution of the universe. T hus, if the universe 
is regarded to  be an isotropically expanding fluid of m a tte r  and  rad ia tio n , its  expansion 
is governed by (W einberg 1972)
R  4ttG  (  3P \  . .
p + ~ r )  (1-4)R  3 V c2 
and
3 R f  P \  . ,
where R ( t ) is the  scale factor and P  the pressure. In the N ew tonian approxim ation  these 
are respectively the equations of m otion and m ass conservation for an expanding fluid.
1.2 T he Large-Scale S tructure o f  th e  U n iv erse  5
T he present day universe is m a tte r  dom inated and hence the  above equations can be 
in teg ra ted  to  yield
-^■(plZ3) =  0 =>• p R 2 — M  — const ( 1 -6 )
and  the  F riedm ann equation
R \ 2 8 7 xGp kc2 ,
' - (1-7)^R J  3 R 2
w here A: is a  constan t of in tegra tion  known as the curvature constan t. N ote th a t k  is 
only regarded  as a  constan t of in tegration  here in  the  sense th a t equations 1.4 and 1.5 
can be derived in  a  quasi-N ew tonian fashion. E quation  1.7 can be expressed in  term s of 
the  presen t day values of the Hubble and density  param eters (Ho & i2o)> allowing the 
F riedm ann equation  to  be w ritten  in  its  m ore fam iliar form
R2 -  = n ln H n l  - 1) (1.8)
where flo =  STrGp0/3Ho  and Ho =  ( R / R ) o .  T he solution to  eqn. 1.8 is crucially de­
pendent on th e  present m ass density of the  universe which observations of the  large-scale 
s tru c tu re  m ust seek to  constrain.
T he th erm al h isto ry  of the  universe has been carefully traced  by Yang et al. (1984) 
and detailed  com putations of cosmological nucleosynthesis require th a t the density  p aram ­
eter for baryonic m a tte r  i l s  <  0.035h ~ 2. This has profound im plications for the  partic le  
conten t of the universe since, as the next Section ind icates, there are good theoretical 
grounds for believing th a t  Oq =  1 -
1 .2 .3  I N F LA T I ON  AND T H E  ORI GI N O F  D E NS I T Y  F L U C T U A T I O N S
The s tan d ard  cosmology provides a reliable fram ework for describing the h isto ry  of the 
universe as early  as 10 - 2  sec after the big-bang. However, i t  is no t w ithou t its  sh o rt­
comings and to  reconcile these one m ust resort to  some partic le  physics. Inf lat ion  was 
conceived by A lan G u th  in 1981 (G utli 1981) to  solve the so-called ‘flatness’ and ‘horizon’ 
problem s. T he flatness conundrum  arises from  the observation th a t the  present value 
of f20  is close to  un ity  and yet the Friedm ann equations im ply th a t  as the universe has 
evolved, Q should have been evolving away from  1  according to
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where x ( t ) oc R ( t ) 2 for a  rad ia tio n  dom inated  universe and  x( t )  oc R(t )  in  a m a tte r  
dom inated  universe. This m eans th a t ,  a t very early  tim es, f I was equal to  1 to  an extrem ely 
high degree of precision
|D (10_43sec) -  1| ~  0 (1 ( T 60),
|D (lsec) — 1| ~  O (10~ 16) (1-10)
This level of fine-tuning seems particu la rly  unpala tab le . Like the flatness problem , the 
horizon problem  can also be accom m odated in a  s tan d ard  cosmology b u t again a t the 
expense of very special in itia l conditions. This la t te r  puzzle is to  com prehend how a 
universe m ade out of 105 causually d istinct regions can be hom ogenous. W ithou t going 
in to  detail, the inflationary  m odel for the  early  universe, proposed by G uth , is able to 
solve b o th  problem s. T he key to  inflation is a  th a t  there  was an epoch when the vacuum  
energy density  dom inated the  energy density  of the  universe. D uring this epoch, known 
as the  deS itter phase, R ( t )  grew exponentially  (oc exp (H t ) ) ,  allowing a  sm all, causally- 
coherent region to  grow to  a  size which encompasses th e  region which eventually  becomes 
our presently  observable universe. It is th is rap id  expansion which forms the  basis of a 
solution to  the horizon and flatness puzzles. A firm prediction of the in flationary  scenario 
is th a t  the present day value of Do should be exactly  equal to  unity. As we shall see in 
C hap ter 7, th is value can only be accom m odated if one is p repared to  invoke biased galaxy 
form ation.
A fu rther inadequacy w ith  the stan d ard  cosmology is its  failure to  shed any light 
upon the origin or n a tu re  of prim ordial density  p ertu rb a tio n s, which m ust have existed 
a t a level of ~  10~3 a t decoupling to  account for the observed large-scale s tru c tu re  in the 
universe. The evolution of density  fluctuations in  inflation has been discussed by Bardeen 
et al. (1983). Q uantum  fluctuations left over from  the  sm oothing influence of the rapid 
exponential expansion during th e  inflationary  epoch result in  a  calculable spectrum  of 
ad iaba tic  density p ertu rb a tio n s which tu rn  ou t to  be scale-invariant and are expected to 
obey G aussian sta tis tics  so long as their am plitude is sm all. A dopting the  usual convention 
of expanding density inhom ogeneities in a Fourier expansion, then
bp =  ( 2 t t ) -3 J bke - ikxd2k  (1.11)
where k is co-moving w avenum ber. It is usual to  refer to b p/p  on a given scale as the
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r.m .s. m ass fluctuation  on th a t scale, i.e.
(,S p / p ) l  =  ( (S M / M ) 2) k ~  A I =  ( 2 n ) - 3k:i\Sk\2 (1.12)
T he factor |<ffc|2 is called th e  power spectrum  of the  fluctuations and denoted by P(k ) .  
For the  sake of sim plicity, a power law  form  for P ( k )  is usually assum ed
P ( k )  oc k n (1.13)
T here are physical argum ents (see E fsta th iou  1990) to  suggest th a t  n < 4, w ith  favoured 
values being n = 1 and n  =  —3, since these sp ec tra  have equal power on all scales when the 
relevant scale comes w ith in  the  horizon, i.e. they  are scale invariant. T he form er type of 
fluctuations are term ed ad iaba tic  in  which the  p e rtu rb a tio n  in  en tropy  is zero; the la tte r  
are isocurvature ty p e  fluctuations or en tropy  p ertu rb a tio n s . T he S tan d ard  Cold Dark 
M atte r m odel is based around the  prem ise of an  in itia l ad iabatic  spectrum . Isocurvature 
m odels have been considered by Peebles (1987a, 1987b) and found to  pred ic t tem peratu re  
fluctuations in the microwave background consistent w ith  observations. T he difficulty w ith 
these fluctuations, however, is the  lack of any realistic  m echanism  to generate them  (Bond 
1988). T he next section highlights some of the  physics concerned w ith  the am plification 
of density  fluctuations and the origin of large-scale structu re .
1 .2 .4  T H E  E M E R G E N C E  OF L A R G E - S C A L E  S T R U C T U R E
T he essential ingredients in a  theoretical m odel for the  large-scale s tru c tu re  are a char­
ac teristic  fluctuation  spectrum  and a  given com position for the  cosmic soup. If an infla­
tionary  universe appealed to  earlier in  this C hap ter is accepted, then D0 =  1 and it seems 
inevitab le th a t some of the  mass density  of the universe m ust be in ‘d a rk ’ m a tte r  form. 
T he dark  m a tte r  candidates fall in to  two d istinc t categories, each of which give rise to 
m arkedly different evolutionary pa ths tow ards the  large-scale s tru c tu re  th a t  we observe 
today. It is tow ards observations of clustering and stream ing  m otions th a t we m ust tu rn  
in  order to  pu t lim its on the partic le content of the  universe.
T he decoupling of m a tte r from rad ia tio n  a t z  ~  1000 forms a crucial po in t in the 
evolutionary  history  of the universe since, a t la te r tim es, density  fluctuations in the dark
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m a tte r  can begin to  grow. A few aspects of pre- and post-decoupling physics are now 
addressed in  order to  dem onstra te  th e  predictions of various theoretical m odels which 
the  work described la te r  in this thesis can po ten tially  d iscrim inate betw een. A tten tio n  is 
re s tric ted  to  ad iaba tic  fluctuations in  which the  local entropy  is held constan t w ith  m a tte r 
and rad ia tio n  b o th  p ertu rb ed  together (pb ~  p^ ^  0).
1.2.4-1 The radiation dominated era
A density  p e r tu rb a tio n  in  a  fluid will inevitab ly  collapse once th e  g rav ita tiona l force is 
able to  overcom e the  resistance due to  pressure. T he critical m ass for the in stab ility  to 
develop is term ed  the  Jeans m ass, M j .  This is the m ass inside a  sphere of radius Aj, 
given by
= 2' /  (a ? )  '  ( 1 '1 4 )
where cs is equal to  the ad iaba tic  sound speed. N ote th a t  the Jeans scale corresponds 
roughly to  th e  horizon size in the  rad ia tio n  dom inated era since (Gp)~% sets the expansion 
tim escale.
D ue to  th e  grav ity-in ternal pressure im balance, M j  grows approxim ately  as M u  the 
m ass enclosed w ith in  the  horizon. T he size of pertu rba tions in  the  baryonic m a tte r , which 
can continue to  grow after recom bination, is governed by a  process called Silk dam ping 
(Silk 1968). P h o to n  diffusion from  high pressure regions leaves behind residual m a tte r  
p ertu rb a tio n s below a critical m ass scale M s  and pertu rba tions are w ashed ou t on the 
scale-length of the  pho ton  random  wralk. This is no t the case for p e rtu rb a tio n s in the dark 
m a tte r  wdiich are undam ped.
P rio r to  recom bination the dark  m a tte r  partic les only in te rac t w ith  the  rad ia tion  
field th rough  gravity. Neutrinos decouple from  the p lasm a after nucleosynthesis and are 
re la tiv istic  w ith  a  high velocity dispersion, i.e. they are “h o t” partic les. Gold dark  m a tte r 
candidates like axions have, as their nam e suggests, low therm al velocities. It is only 
afte r m atte r-rad ia tio n  decoupling th a t  the  properties of the dark  m a tte r  partic les become 
im p o rtan t, as we now discuss.
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1.2.4-2 Post-recombination evolution
A fter decoupling, fluctuations can begin to  grow since the expansion tim escale is of the 
order of the collapse tim escale. Fig. 1.1 illu stra tes the  post-recom bination fluctuation 
spectrum  as a  function of m ass for the hot- and cold dark  m a tte r  dom inated universes.
T he free stream ing of neutrinos has erased stru c tu re  on co-moving scales which today  
correspond to  the m asses of clusters or superclusters. The suppression of su b stru c tu re  on 
these in itia l scales suggests th a t  the collapse process will be highly anisotropic, to  a th in  
sheet or pancake (Zeldovich 1970). This m ight conceivably fragm ent a t la te r epochs in to  
sm aller structures: galaxy clusters, groups and individual galaxies (Sunyaev & Zeldovich 
1972). T he whole process is often dubbed the top-dow n scenario for galaxy form ation. 
Conversely, the bo ttom -up  scenario refers to  cold dark  m a tte r  models in which large-scale 
s tru c tu re  develops th rough  h ierarchial clustering of sm aller s tructures.
Theoretically, the  change in  shape of the in itia l fluctuation  spectrum  after recom bi­
n a tio n  is characterised  by a  transfer function T (k ) ,  usually  defined so th a t
|i*(<o)| = T (M ;) IM * .) I  (1-15)
T his function has been com puted for a m assive neutrino  dom inated universe by Bond 
& Szalay (1983) and for an  ad iaba tic  cold dark  m a tte r  universe by Bond & E fstath iou  
(1984). P roperties of the linear density  and velocity fields can then be calculated such 
as th e  tw o-point correlation  function, which is ju s t the  Fourier transform  of the  power 
spectrum .
1 .2 .5  OBS ER VAT IONA L C O N S T R A I N T S  ON T I I E  T H E O R E T I C A L  MODELS
Theories for the large-scale s tru c tu re  like CDM have g reat predictive power. O bservational 
cosmology today  is p rim arily  geared around designing careful tests to  check w hether these 
predictions are correct. A few such tests  are reviewed here. This is by no m eans an 
exhaustive list bu t ra th e r selects ju s t a few th a t bear m ost relevance to  the present work.
1.2.5.1 Cosmic microwave background anisotropies
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F ig . 1 .1 : P ost recom bination density  fluctuation sp ec tra  for cold dark  m a tte r  and neu ­
trino  (z/) dom inated  universes. R eproduced in  part from  P rim ack  & B lum enthal (1984).
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in the universe a t the  epoch (z  ~  1000) when m a tte r  and  rad ia tio n  last in terac ted . Small- 
scale anisotropies in the  CBR  m ust be m anifest a t some level bu t so far these have proved 
to  be elusive. Some im p o rtan t results from observations of the CBR  for anisotropies on 
a  variety  of scales are sum m arised below (NB. the fluctuations in  the first of these tables 
have been expressed in  term s of the  angular tem peratu re  au tocorrelation  function  C (û ))
T ab le  1.1: O b serv a t io n s  o f  th e  C B R
Large angle (6 >  10°)
Observer A r  1/2 C (fl)1/ 2
Berkeley (1985) 3mm < 1.1 X 10“ 4 —
Princeton  (1983) 1 2 mm < 1.2 x  10“ 4 4 X 10~5
R ELIK T (1987) 8 mm < 4 .8  X 10_s <  2 X 1 0 " 5
In term ediate  scale (6 ~  5 — 1 0 °)
Observer A A T / T
M elchiorri et al. (1981) 50 — 3000/rm 4.8 X 10~ 5
Davies et al. (1987) 2.9cm 3 x 10~ 5
Fine scale (9 < 10')
Observer A A T / T
Uson & W ilkinson (1984) 1.4cm < 3 X 10~ 5
R eadhead et al. (1989) 1.5cm 1.5 x 10~ 5
On large angular scales, the  experim ents find a dipole anisotropy in the background. 
C onventional wisdom points tow ards a  D oppler origin for this anisotropy, in  which case 
the im plied Local Group (LG) m otion relative to  the  CBR is 614 km s - 1  tow ards a  =
11.18 ±  0.05/j and 6 =  —8 . 0  ±  0.7° (Fixsen et al. 1983). This provides an im p o rtan t 
benchm ark  m easure and discrepancies between the LG m otion relative to  the  CBR  and 
sam ples of d istan t galaxies have been in terp re ted  as being due to  galaxy stream ing m otions 
as we shall explain in  fu rther detail in  C hap ter 6 .
In the theoretical context, CBR  anisotropies on sm all angular scales th a t are predicted
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to  arise in  the  ad iaba tic  CDM  and isocurvature baryon  models have been calculated  by 
Bond & E fsta th iou  (1987). For the  isocurvature m odel, th e  original en tropy  fluctuations 
show up as large tem p era tu re  fluctuations. In p articu la r, the isocurvature axion model 
appears to  be ru led  ou t by the  observations of R eadhead et al. and Uson Sz W ilkinson. 
If the positive detection  of C B R  fluctuations on 5° and 8 ° scales th a t  have been claim ed 
by Davies et al. are confirmed, then  the S tandard  CDM  m odel m ay also face problem s.
1.2.5.2 The large-scale distribution o f  galaxies and clusters
O bservations of large-scale s tru c tu re  in  the universe have accelerated rap id ly  over the 
last decade and hold great prom ise for the future. Much of the early work was confined 
to  s ta tis tica l studies of the angular positions of galaxies listed  in the Lick and Zwicky 
catalogues (Peebles 1980 and references therein). Sim ilarly the Abell catalogue of rich 
clusters of galaxies has been subject to  extensive sta tis tica l analysis (Bahcall 1988 and 
references therein). R ecent a tten tio n  however has shifted to  the redsliift surveys, which 
provide a  3-dim ensional view of the large-scale s truc tu re . T he largest present survey is 
the  C entre for A strophysics (CfA) redshift survey (Davis et al. 1982) which includes 
all galaxies in the n o rthern  sky w ith  galactic la titu d e  b > 40° and apparen t m agnitude 
m  < 14. T his survey shows a  diversity  of s tructu re  in  the d istribu tion  of galaxies w ith  
obvious enhancem ents as well as large regions of low density, term ed voids.
All of the  surveys ind icate  th a t  the  d istribu tion  of galaxies on 10 — 100/i_1M pc scales 
is highly non-uniform . T he am plitude of clustering is m ost conveniently quantified in 
term s of the tw o-point correlation function £ (r) which is defined by the expression
Analyses of the  catalogues show th a t, for galaxies, f gg(r)  can be represented by a power 
law
w ith  7  ~  1 . 8  in  the  range 0.1 h 1 <  r < 10h 1 M pc, where rp =  (5 ±  0.7)h 1 M pc is the 
galaxy correlation length (Davis & Peebles 1983b). T he tw o-point correlation function
dP (r)  = n 2[l + i ( r ) ] d V xdV2 (1.16)
where d P ( r ) is the jo in t p robab ility  of finding two objects in volumes dV j and dV2 sep­
a ra ted  by a  d istance r and n  is the m ean num ber density  of the objects in  question.
(1.17)
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sta tis tic  has also been applied to  the Abell cluster catalogue by Bahcall & Soneira (1983), 
who find a sim ilar power-law form  for £Cc{r ) b u t in the  range 7 <  r <  150/i_1 M pc and  w ith 
a  correlation leng th  of r 0  ~  25h ~ l Mpc. T he am plitude of the  cluster-cluster correlation 
function  is thus some eighteen tim es larger th an  the  galaxy correlation function. F urther, 
there appears to  be evidence in  the Abell catalogue for an app aren t trend  of increase in 
clustering s tren g th  w ith  richness of system  (B ahcall 1988). This discovery is supported  
by the repo rt of positive spatia l correlations am ongst a sam ple of superclusters on a  scale 
of ~  100/i- 1  M pc (B ahcall & B urgett 1986). One fu rth e r correlation function of in terest 
th a t  has been derived is the  galaxy-cluster cross correlation  function £gc(r ) (Seldner & 
Peebles 1977; Lilje & E fstath iou  1988). This is also found to  be positive on scales > 50/i— 1 
Mpc.
The surprising clustering signals derived from  a  s ta tis tica l analysis of the Abell cluster 
catalogue, led to  a  detailed  investigation of possible system atic  biases in the catalogue 
by Sutherland  (1988) and Dekel et al. (1989). In  particu la r, Su therland  finds large 
anisotropies in  the  redshift space correlation function which he in te rp re ts  as evidence for 
spurious line-of-sight clustering. After correction for these anisotropies a m uch reduced 
length  of 14h ~ l M pc is ob tained , w ith  no evidence for true  spatial correlations beyond 
abou t 40h ~ l M pc. In a  few years tim e, reliable cluster catalogues should become available 
for a wide range of s ta tis tica l studies. These will be compiled in  an au to m ated  way from 
m achine-based surveys of galaxies (H eydon-D um bleton et al. 1989; Sutherland  et al. 
1988). Fig. 1.2 gives an  exam ple of w hat has already been achieved here. It is a  greyscale 
m ap of the  d istribu tion  of galaxies on a  m osaic of Schm idt p lates which have been scanned 
by th e  m icrodensitom eter m achine, C O SM O S , a t the  Royal O bservatory E dinburgh for 
the  E dinburgh-D urham  Southern Galaxy C atalogue (ED SG C ). Two conspicuous large- 
scale s tructu res are evident as density con trasts on the  b o ttom  left half of the m ap. Their 
reality  has been confirmed by redshift surveys of galaxies in these regions (Q .A . Parker, 
private com m unication). In addition  to  m achine-based surveys, the X -ray satellite  ROSAT 
will provide an  all-sky cluster catalogue free from  pro jection  contam ination . C hap ter 5 
describes how radio galaxies are also unbiased pointers tow ards rich system s, on average 
Abell R  ~  0, in  the  universe and so th is class of ob ject can also be used as a check 
on the  clustering results th a t  have been obtained  from  the optically-selected rich cluster 
catalogues.
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F ig . 1 . 2 : Grey-scale m ap of the d istribu tion  of galaxies identified by the m icrodensito­
m eter m achine, C O SM O S , from  system atic scans of Schm idt p lates. T he m ap shown here 
is for a  m osaic of such p lates and was kindly provided by R.C Nichol.
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T he theore tica l approach  to  understanding  the large-scale s tru c tu re  has been to  an ­
aly tically  s tudy  its  origin using IV-body techniques. This involves num erically solving for 
the  tim e evolution of N  m assive points a t given vectorial locations r ( t)  inside a  sphere of 
rad ius R ( t)  expanding according to  E inste in ’s equations. T he in itia l positions are chosen 
such th a t  they  reflect a  random  fluctuation  field w ith  variance P {k) .  T he m ain  o u tp u ts  of 
the  sim ulations w hich can be used directly to  confront observation are correlation func­
tions and m orphology of the large scale m ass d istribu tion  as well as details of velocity 
fields. T he HDM  in itia l power spectrum  has been considered by K lypin & Sliandarin 
(1983) and  Frenk et al. (1983). They find th a t the clustering scale for galaxies exceeds 
th e  observed value, especially if the galaxies are assum ed to  form  only in  the regions of 
dense pancake shocks. Davis et al. (1985) have carried ou t sim ulations w ith  a  power 
spectrum  app ro p ria te  to  the the ad iabatic CDM  model. T he observed galaxy correlation 
functions and  pairw ise peculiar velocities of galaxies can be reproduced if galaxies are 
assum ed to  form  only in  th e  peaks of the m ass density  field. This po in t is addressed in 
m ore detail in  the  next section and in  C hap ter 7. T he biased CDM  sim ulations are re­
m arkably  successful a t producing the  s tru c tu re  th a t is seen in redshift surveys, i.e. voids, 
filam ents etc. Some redshift surveys however show positive galaxy correlations on large 
scales >  50h-1 M pc (B roadhurst et al. 1990). T he CDM  m odel does apparen tly  not 
have enough pow er on very large scales to  reproduce this observation. O bservations of 
the  cluster-galaxy cross-correlation function and the  Bahcall & Soneira cluster correlation 
function are also difficult to  accom m odate in CDM.
1.2.5.3 Streaming motions
T heoretical studies of the peculiar m otions of galaxies provide a  m uch cleaner test of 
cosmogonic models since they  provide a  m easure of the mass fluctuations ra th e r th an  the 
ligh t, which we have ind icated  m ay be a  biased tracer of the underlying m ass d istribu tion . 
T he in teresting , and often ra th e r controversial history, of stream ing flow work has been re­
viewed by Davis & Peebles (1983a), G unn (1988) and B urstein (1990). M uch of the recent 
theoretical effort has a ttem p ted  to  m atch  the observational d a ta  acquired by a consor­
tiu m  of astronom ers referred to  as the ‘Gang of Seven’ ( e.g. Lynden-Bell et al. 1988). 
These com prise peculiar velocities for an all-sky sam ple of elliptical galaxies selected from
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a  survey volum e of abou t 6000 km s - 1  in  radius. In itia l a ttem p ts  to  m odel the  peculiar 
velocity field as a  bulk flow, roughly parallel to  the  CBR  dipole have been superseded 
by a  m ore e laborate  m ulti-param eter m odel th a t  is dom inated by a  spherical infall in to  
a  “G reat A ttra c to r” centred a t a  d istance of 4200 km s “ 1 and  ju s t n o rth  of the galactic 
zone of avoidance a t the  vicinity of the H ydra-C entaurus supercluster. T he theoretical 
approach to  m odelling observations of stream ing flows has been to  consider a  convolution 
of the  density  p ertu rb a tio n  responsible for the  peculiar velocity, w ith  a  w indow function 
reflecting the volum e and geom etry of the  space th a t is surveyed (K aiser 1988c). Thus for 
the  sim ple (b u t unrealistic) case of a  G aussian window function, the  peculiar velocities 
are predicted  in linear theory  to  be d istribu ted  according to  the  M axwellian law , w ith a 
dispersion
/•CO
a l ( R , )  =  H f o 1-2 /  P ( k ) e x p ( - k 2R l)dk /2T r2 (1.18)
Jo
B ertschinger & Juskiewicz (1988) have tested  several scenarios for the grow th  of cosmic 
s tru c tu re  against the  observations m entioned above. In p articu la r they find the  standard  
CDM  predictions fail by a large m argin to  reproduce the  large-scale flows. K aiser & Lahav 
(1989) have argued th a t  CDM m ay only be resurrected  if th e  stream ing  velocities have 
been overestim ated by a  factor ~  2  and the  level of biasing is sm aller th an  its  s tandard  
value. New observations of the large-scale peculiar velocity field are presented  in  C hapter 
6 . In C hap ter 7 the  issue of w hether the  observed peculiar velocities m ight be partly  
driven by system atic offsets in  the galaxy distance ind icato r relations is addressed.
1.2.5.4 The epoch o f  galaxy formation
Recent leaps in  technological developm ent have m eant th a t  the universe a t redshifts 2  =  
2 -+ 5 can now be observed. The s ta tu s  of p resen t observations however appears to  be 
ra th e r unclear (see Peebles 1989 for a  review). On the one hand , th ere  is evidence for 
su b stan tia l star-form ing activ ity  even a t the m oderate  redshifts, z  <  3. T he inferred 
properties of gas clouds along the line-of-sight to  quasars and galaxy counts to  very faint 
m agnitudes in various passbands bo th  argue in favour of a  fairly recent form ation  epoch. 
T here have been conflicting observations however which suggest th a t  a t least some galaxies 
a t high redshifts are very sim ilar to  galaxies observed today , evidence which conversely 
argues for la te  form ation. In the s tandard  CDM  picture, galaxy form ation  is a  recent
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and p ro tra c ted  process which continues on un til the present day. If the  lum inosity  of old- 
looking ob jects a t high redshifts (e.g. Cham bers, M iley & van Breugel 1987; Lilly 1988) 
is dom inated  by a  stellar population  ~  1  Gyr old, it p u ts  the  fo rm ation  of the  s ta rs  a t a 
redshift z  > 5 . The epoch of galaxy form ation, if it  is unequivocally observed, m ay thus 
be one of the  m ost clear-cut discrim inators between the  com peting theories for s tru c tu re  
form ation .
1.3 G a la x y  F o rm a tio n
O ur discussions of galaxy form ation in this thesis will be m ainly restric ted  to  the  influence 
of environm ental effects and the  im plications of spatially  m odu lated  lum inosity-indicator 
re la tions on the  in te rp re ta tio n  of stream ing velocities. A direct ind ication  th a t environ­
m en t has an  im p o rtan t role to  play in  determ ining the  global shapes and characteristics of 
galaxies is th e  observation th a t ellipticals generally occur in  dense environm ents whereas 
th e ir sp iral coun terparts are m ost prevalent in the field (Davis & Geller 1976). Our present 
u nderstand ing  of galaxy form ation is only poor bu t it is generally though t to  consist of a 
series of dissipative and m erging processes, m ost of which can be m odulated  by the large- 
scale environm ent (e.g. Silk & N orm an 1981; Silk 1987). Some of the  relevant processes 
m ay include: m ergers and violent relaxation; gradual infall and  form ation  of disks; dark 
halo stripping; biasing of s ta r form ation; cooling flows. T he local environm ent affects not 
only th e  supply of galaxy-building m ateria l, bu t also the dynam ical s tru c tu re  of the end 
p roducts (e.g. the velocity anisotropies of ellipticals are dynam ical relics of past m erg­
ers), the  prim ordial in itia l m ass function (IM F) and thus the  stellar ( M /L ) ,  the  ra tio  of 
the  dark  and visible m a tte r, etc. Large-scale variations in  ( M / L )  are of prim ary  in terest 
because they  are na tu ra lly  expected in many, and perhaps all, scenarios of large-scale 
s tru c tu re  and galaxy form ation (Hoffman et al. 1982; Silk 1988). Such variations are in ­
deed one of the  cornerstones of the whole idea of biased galaxy form ation  (Dekel & Rees 
1987). T he problem  w ith biasing is th a t  it is difficult to  find a good physical argum ent 
th a t  can n a tu ra lly  give rise to  the  requisite am ount of m ass-light segregation. A threshold 
m odel has been proposed by Davis et al. (1985) in which galaxies form  a t high peaks in 
the  sm oothed prim ordial density field. The difficulty then  is understand ing  how galaxy 
form ation  could be im peded below the  threshold. This question is discussed in greater
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detail in  C hap ter 7.
1 .3 .1  RADI O G A L A X Y  F O R M A T I O N
T he form ation  history  of rad io  galaxies is a  particu la rly  in trigu ing  subject since it begs the 
question as to  w hat physical process is responsible for the onset of non-therm al nuclear 
activity . A system atic s tudy  of the cluster environm ent of rad io  galaxies m ight yield some 
clues, and this approach to  th e  problem  was first taken  by Longair & Seldner (1979) and 
la te r  by P restage & Peacock (1988). Radio galaxies are roughly divisible in to  th ree types 
on the basis of their m orphological s tru c tu re  and rad io  spectra . T he classification scheme 
in troduced  by Fanaroff & Riley (1974) will be used th roughou t this thesis. In this scheme, 
the diagnostic is linear separation  between regions of highest radio  lum inosity on opposite 
sides of th e  central galaxy com pared to  the to ta l ex ten t of the source m easured from the 
lowest contour. If the  ra tio  is >  0.5 then the source is denoted FR II, otherw ise FR I. A 
com pact radio  source is one dom inated by a <  la rc se c  core (e.g. Laing, Riley & Longair 
1983). A m ongst the F R II sources there  is often a  sub-division in to  ‘good-’, ‘doub tfu l-’ and 
‘non-classical’ doubles which effectively refers to  a progression of dom inance of com pact 
ho tspots a t the outer edge of the  radio structu re .
As a  result of their study, Longair & Seldner concluded th a t FR I radio galaxies 
preferentially  inhab it denser regions of the  universe th an  FR IIs. T hey a ttem p ted  to  
explain th is in  term s of the  ‘beam ’ or collim ated flow of re la tiv istic  m ateria l m ateria l being 
d isrupted  in cluster radio galaxies due to  m otion relative to  the  cluster center of mass. 
A lthough a m ore careful analysis by P restage & Peacock confirmed this observation, they 
also no ted  th a t there appeared  to  be a significant sca tte r in  properties, im plying th a t 
cluster streng th  is not the sole factor governing s tru c tu re . In addition  they found no 
sta tis tica l evidence for environm ental differences betw een the sub-classes of F R II radio 
galaxies which had originally been claim ed by Longair & Seldner.
There have also been reports th a t  the optical properties of low -redshift radio galaxies 
are correlated w ith their cluster environm ent (Lilly & P restage 1987). This po in t should 
not be taken too lightly since, if  correct, i t  m ay in troduce an undesirable system atic effect 
in to  the application of the radio galaxies as s tan d ard  candles. It is discussed fu rther in 
C hap ter 4.
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1.4 T h e s is  O u t l in e
A guide to  the  conten t of the rem aining seven C hap ters is given here. C hap ter 2 describes 
the  com pilation  of an  all-sky sam ple of radio ellip tical galaxies, em phasising th e  m oti­
vations for choosing a  particu la r set of selection crite ria  and describing how well these 
can be m et in  practice. T he observational m ate ria l and d a ta  reduction  techniques are 
assem bled in C hap ter 3 -  this C hap ter falls in to  tw o p a rts  dealing w ith  the CCD pho­
to m etry  and spectroscopy in tu rn . C hap ter 4 is essentially a  precursor to  the  next two 
m ain  results C hapters. It forms a  study  of th e  op tical properties of low -redshift radio 
ellipticals and exam ines w hether these are correlated  w ith  their local environm ent. C hap­
te r 5 presents the  first ever published calculation of the  3-d correlation function for radio 
galaxies. Checks for a system atic dependence of clustering stren g th  on rad io  lum inosity  
are perform ed. A search for evidence of very large-scale density  inhom ogeneities in the 
universe is described. In C hapter 6 , the peculiar velocities for a  subsam ple of the radio 
galaxies are derived and analysed for a  stream ing  dipole. A different analysis m ethod, 
using the velocity au tocorrelation  tensor, is also described. C hap ter 7 is concerned w ith 
models for biased galaxy form ation, in  p articu la r autonom ously  biased g rav ita tio n al col­
lapse. A variety  of observational tests  are perform ed to  search for evidence of its  operation  
by studying  the  properties of nearby elliptical galaxies. F inally, C hap ter 8  collates the 
m ain  results and poin ts ou t some prom ising directions for fu tu re  research.
C h a p t e r  2
A n All-Sky Sample of Nearby Radio Galaxies
2.1 Introduction
T his C hap ter describes the  com pilation of a powerful, new, all-sky sam ple of low -redshift 
rad io  galaxies. These ob jects are assem bled from the Parkes, Bologna, Jodrell B ank and 
Bonn surveys and  approx im ate  a  com plete sam ple down to  0.5 Jy  a t 1.4 GHz. Redsliift 
cutoffs a t z =  0 . 0 1  and  z =  0 . 1  are im posed upon the object selection not only for 
p ractical reasons b u t for physical reasons also -  in subsequent C hapters we shall em ploy 
the  sam ple to  te s t claim s for density  inhom ogeneities in  the universe on 10 — lOO/i- 1  M pc 
scales. These applications dem and an optically hom ogeneous selection of near s tan d ard  
candles which are uniform ly d istribu ted  across the sky. As we shall see in  this and the 
following C hap ters, th e  all-slcy sam ple m atches th is description very well
T he layout of th is C hap ter is as follows. Section 2.2 explains how the proposed 
applications of the sam ple set design constrain ts upon its  assembly. In Section 2.3 the 
com pilation of the  sam ple is described and deals in tu rn  w ith each of the radio and optical 
selection criteria , describing how well these can be m et in practice. T he all-sky sam ple 
da tab ase  is included as an  Appendix. Some inform ation pertin en t to  the form at of the 
d a ta  tables in th is A ppendix  is provided in Section 2.4. Finally, Section 2.5 includes the 
optical d a ta  acquired in  the  next C hap ter to  exam ine a  few properties of the sam ple. These 
include its  com pleteness, sky coverage, redshift d istribu tion  and  radio  power histogram s. 
A short sum m ary is provided in  Section 2 .6 .
2.2 S a m p le  S e lec t io n  C r iter ia
Firstly , air upper redshift lim it needs to  be im posed on the object selection. Given th a t the 
sam ple will be used to  set lim its on the large-scale clustering and dynam ics of m a tte r  in the
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universe, a brief survey of existing observations is necessary. M any of these observations 
argue in  favour of very large-scale density  inhom ogeneities. Bahcall & Soneira (1983) 
repo rt a  tw o-point correlation function for Abell clusters which rem ains positive out to 
100h - 1  M pc. C hap ter 5 will have m ore to  say on this issue bu t for the  m om ent let us 
suppose th a t it is correct. T he m ost extrem e claims for large-scale stru c tu re  have been 
m ade by Tully (1986) who finds correlated s tru c tu re  in the d istribu tion  of rich clusters 
even on scales as large as 0.1c. In view of these observations, an  upper redshift lim it of 
z  =  0 . 1  was deemed large enough to  probably  contain  a  fair sam ple of the universe. In 
fact there  are p ractical reasons for no t w anting to  push out any fu rther th an  2  =  0 .1 . 
Surface pho tom etry  becomes ra th e r difficult to  in te rp re t a t larger redshifts since one is 
then  often dealing w ith  sm all angular sizes of the order of only a few tim es a  typ ical seeing 
disk. Also, surface brightness dims very rapidly  w ith  z  according to  (1 -f z )~ 4.
In addition  to  the  high redshift cutoff, a  low redshift cut-off is also required and again 
this is d ic ta ted  to  some ex ten t by the  constra in ts im posed by CCD surface photom etry . 
T he lim iting size of these detectors m ean th a t  a  very low -redshift galaxy would essentially 
‘fill’ the  fram e and some of its  halo light would be lost a t the  edges. This would also pose 
additional problem s for try ing  to  m easure a background sky estim ate. M oreover a t low 
redshift, a  few galaxies are lost from the radio surveys th rough  over-resolution. In view 
of these poin ts a  low -redshift cutoff of z  — 0.01 was applied. In toted then  the  d istance 
range of the  sam ple spans only a  factor of ten  in  redshift. This has the advantage of being 
narrow  enough to  ensure th a t a reasonably hom ogeneous sam ple of objects are selected 
in  term s of b o th  th e ir op tical and radio properties.
Due to  the presence of large-scale grad ien ts in dust extinction tow ards the galactic 
plane which could easily bias a  photom etric s tudy  of the radio galaxies, it was decided to  
avoid this region completely. A simple selection constra in t of |6 | > 15° was taken  ra th e r 
th an  to  consider a survey volum e of com plicated shape.
In sum m ary then , the requirem ents are for a  com plete sam ple of radio galaxies filling 
the  redshift shell from  0.01 <  z <  0.1, over the  9 .3ste rad ians of sky which avoid the 
galactic plane, down to  some uniform  flux-density lim it. T he next Section describes the 
radio surveys a t our disposal for assem bling the sam ple and considers how well these 
selection crite ria  can be m et in practice.
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T here are two independent features of the sam ple selection to  be considered. F irstly , a 
uniform  rad io  selection of sources from  the surveys down to  a  desired flux-density lim it 
and secondly th e  optical selection of sources such th a t redshift constra in ts  on the sam ple 
are closely m atched . Each of these are discussed in tu rn  below.
2 .3 .1  R A D I O S E L E C T I O N
T he whole sky away from  the galactic plane is covered a t rad io  w avelengths by one of 
four surveys of roughly equivalent depth . These are tab u la ted  below together w ith  some 
specific details.
T a b le  2.1: R a d io  su r v e y s  from  w h ich  th e  a l l-sk y  sa m p le  has b e e n  co m p iled .
2.3 C om pila tion  o f  the  Sam ple
Survey Frequency Sky coverage Reference
Parkes 2.7GHz 6 < 24° Bolton et al. (1979)
Bologna B2 408MHz 24° < 6 < 40° G rueff & V igotti (1972, 1973, 1979)
Jodrell Bank 966MHz 40° < 6 < 70° Cohen et al. (1977)
Bonn S5 5GHz 6 >  70° K ühr et al (1981, 1987)
In the next Section it is shown th a t an upper redshift lim it of 0.1 corresponds to an 
approxim ate value of apparen t blue m agnitude of B  ~  17. As th is is relatively  b righ t it 
m ight be expected th a t  a  high percentage of the radio sources which would fall in to  the 
final sam ple have had  an  identified optical coun terpart. In fact all of the  surveys listed 
above have had  extensive optical identification program m es based on rad io  positions, 
which carry a  typical uncerta in ty  of <  10 arcsec. In addition , galaxies well above the lim it 
of the sky survey should have been noted as candidate identifications if present. Clearly 
then  these four surveys provide an excellent basis for selecting an  all-sky sam ple com plete 
to  the desired d istance lim it of z =  0.1. A few relevant details are given below for each of 
the four surveys in  tu rn .
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2.3.1.1 The Parkes Survey
T he various p a rts  of the Parkes 2.7-GHz survey have been published in a  series of papers 
presented  in  the  A strophysical supplem ent of the A ustra lian  Journal of Physics (e.g. 
B olton, W right & Savage 1979; Savage & Bolton 1979 and references therein). T he Parkes 
rad io  telescope is a  64m dish which yields a  half power beam -w idth of 8 arcm in. a t
2.7 GHz. A po in ting  m odel for th e  telescope has been described by Savage (1976) and  the 
positional accuracies for each observed source are abou t 1 0  arcseconds in each coordinate. 
A t galactic  la titu d es  of |6 | >  15°, alm ost all regions a t 6 <  4° have been surveyed to  a
2.7 GHz flux-density lim it of 0.35 Jy  or deeper. The only exceptions are a  few regions 
where th e  closest approach to  the galactic plane is fu rther th an  15°, the w orst affected 
po in t being a t a  =  17h, 6 =  —4°, |6 | =  21.9°. These few regions however to ta l m uch 
less th an  1 percent of the  survey area and thus m ay be safely ignored. A t 6 > 4° the 
s itu a tio n  is a  little  m ore com plicated, the direct 2.7 GHz survey being com plete to  a  depth  
of only 0.6 Jy  in  th is region. T he zone covering a  range of declination from 4° —> 20°, 
however, has been surveyed down to  2.5 Jy  a t 408 MHz by Day et al. (1964). All of the 
ob jects found were then  subsequently  rem easured a t a frequency of 2.7 GHz. In addition , 
all of the  sources listed in the  4C catalogue th a t  lie in this zone down to 3Jy a t 178MHz 
were observed a t 2.7GHz by W ills & Bolton (1969). For a spectral index of a  — 0.8 
(defined in  th e  sense S„ cx v ~ a ), these searches should thus be com plete to  respectively 
0.55 Jy  and 0.34 Jy  a t 2.7 GHz. Finally, the zone 20° < S < 27° was surveyed to 1.5 Jy  at 
635 MHz by Shim m ins & Day (1968), again w ith a  2.7 GHz follow-up, at which frequency 
the equivalent flux-density lim it is 0.47 Jy.
In sum m ary, the Parkes survey is com plete down to 0.35 Jy  a t S < 24°. This is alm ost 
ensured by the ra th e r fiat flux density  d istribu tion  for radio galaxies in 0.01 < z  <  0.1. The 
Parkes staff m ain ta in  a com posite catalogue of the combined d a ta  from all surveys which is 
u p d ated  regularly  as new or im proved observations become available. A m achine-readable 
version of this catalogue was kindly provided by Dr. A lan W right. Lists of radio and 
optical positions for each source are given together w ith  an optical m agnitude. These are 
generally “photographic” m agnitudes estim ated  from Palom ar Sky Survey (PSS) prin ts. 
They are taken  to  be equivalent to  B  w ithin the accuracy of the eyeball estim ates.
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2.3.1.2 The Bologna B2 Survey
T he B 2  survey is a  com pilation of 3225 radio sources observed a t  408 MHz w ith  the 
Bologna N orthern  Cross telescope. This in strum ent has been described in  detail by Brac- 
cesi et al. (1969) and has a  resolving power of 3' in  righ t ascension and  10' in  declination. 
T he survey covers a  declination band 24° < 6 <  40.3° down to  a  lim iting  flux-density 
of 0.25 Jy. Radio source positional accuracies have been quoted as 1 2 " and 40" in righ t 
ascension and declination respectively. Careful optical identification program m es have 
been carried  ou t for sources b righ ter th an  0.9 Jy, the details of which are presented  in 
th ree  papers by Grueff & V igotti (1972, 1973, 1979). These cover a  region which again is 
close to  b u t no t exactly  equal to  |6 | > 15°. T he w orst om ission is from  an area  around 
a  =  22/l,<5 =  30° equal to  about 0.2 steradians.
T he optical m agnitudes given by Grueff & V igotti (1979) approx im ate the Johnson 
R  system . These were converted to  a  nom inal B  m agnitude using a  zero-redshift colour 
for ellipticals of (H — R ) j  =  1.9 (B ruzual 1983).
2.3.1.3 The Jodrell Bank Survey
T he 966 MHz Jodrell Bank survey has been constructed  from  observations m ade w ith  the 
M ark 1A telescope and covers 40.3° <  6 < 71° to  a lim iting  flux of 0.7 Jy. This telescope 
can achieve a  resolution of 18 arcm in. half power beam -w idth. A ccurate radio positions 
( ± 2 ") were m easured for the com pact sources using the Mk 1 A and M kll telescopes as 
an in terferom eter w ith  a  baseline of 425.20 m etres. O ptical identification of these sources 
has been reported  by Cohen et al. (1977). T he m ore extended sources were identified by 
Porcas et al. (1980). Palom ar Sky Survey p rin ts were exam ined in order to  estim ate  a 
rough B  m agnitude.
A featu re of the  Jodrell Bank survey is the existence of m any sources which were 
identified w ith  a candidate cluster only. An a ttem p t was m ade to  try  and identify the 
cluster source by cross-checking the cluster locations w ith  all o ther rad io  survey identifica­
tion d a ta  which have conveniently been collected in a  catalogue published by V eron-C etty  
& V eron (1983). This left 25 cluster sources still w ithout an op tical identification. R ather 
th an  resort to  the original PSS prin ts and probabilistic  argum ents, the positions of the
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radio  sources were cross-checked w ith the positions of clusters in the A bell c luster c a ta ­
logue (A bell, Corwin & Olowin 1989) to  try  and pin down the p aren t cluster of the  radio 
source a t least. Table 2.2 below lists 10 sources for which a cluster centroid lies w ith in  1 °. 
Radio m aps for the sources are really needed however before their op tical coun terparts  
can be identified w ith  any degree of certainty.
T a b le  2.2: S o u rce-c lu ster  angu lar  a s so c ia t io n s
source A 0(') cluster source A *(') cluster
0647+693 7.75 A562 0804+499 43.67 A626
0847+491 55.59 A716 1013+596 7.06 A959
1108+411 1.56 A1190 1230+486 51.59 A550
1303+684 39.79 A1674 1325+553 33.01 A1734
1559+538 17.77 A2149 1614+473 53.16 A2180
2.3.1.4 The B onn  Survey
A series of 5 GHz surveys covering m ost of the  N orthern  sky were carried ou t in  th e  1970s 
a t G reenbank and Bonn. T he deepest of these was the Bonn S5 survey undertaken  w ith 
a  100m telescope operating  a t a frequency of 4.9 GHz w ith a half power beam -w idth  of 
3arcm in . (K iihr et al. 1981). This survey covered 6 > 70° to  a com pleteness lim it of 
0.25 Jy. Reliable optical identifications have been achieved using VLA m aps (K iihr et al. 
1987). O ptical m agnitudes were again estim ated  by eye from  the PSS prin ts .
2.3.1.5 Additional Sources
Even at 2  > 0.01 there are a  few radio sources of such large angular size (>  lO arcm in.) th a t 
they are not easily resolved as a  single object. Some of these have been noted  and added 
to the sam ple where known: 0503 — 286 (S ubrahm anya & H unstead 1986); 0744 +  559 
(W illis, S trom  & W ilson 1974); 0945 +  734 (M ayer 1979); 1029 +  569 (C .R . M asson 1979); 
1637 +  826 (W agget, W arner & Baldwin 1977). T here are doubtless o ther of these ‘g ian t’ 
sources, particu larly  in  the Southern Hemisphere, b u t such objects m ust co n stitu te  a  tiny 
incom pleteness in  the  to ta l sample.
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For an  ‘average’ frequency of 1.4 GHz and taking a spectral index of 0.8 to  be represen­
ta tiv e , the  above flux-density lim its correspond to the  following figures: 0.59 Jy  (Parkes); 
0.33 Jy  (Bologna); 0.52 Jy  (Jodrell Bank); 0.69 Jy  (B onn). These are all of a  sim ilar dep th  
w ith  th e  exception of Bologna. This was accordingly cut back to  a  lim it of 1.2 Jy  at 
408 M Hz, which is equivalent to  0.44 Jy  a t 1.4 GHz. The all-sky sam ple therefore approx­
im ates a  com plete sam ple down to 0.5 Jy  a t 1.4 GHz.
2 .3 .2  O P T I C A L  S E L E C T I O N
In  order to  check the im plied optical lim its on the sam ple arising from  the im posed redshift- 
cutoffs, a  least squares fit of estim ated  B  m agnitude against redshift was perform ed on 
125 rad io  galaxies which had been ex tracted  from the survey catalogues and which were 
in  possession of a  spectroscopic redshift. T he Hubble diagram  is shown in Fig. 2.1 and 
the  following equation was derived
loglo (z /0 .1 ) =  0 .2 (5  - 1 7 )  (2.1)
w ith  an  rm s sca tte r of abou t 1 m agnitude.
T hus to  w ith in  a  m agnitude the upper redshift cut-off of z  =  0.1 corresponds to  selecting 
ob jects b righ ter th an  B  =  17. In fact a  m ore conservative optical lim it of B  =  19 was 
finally used in order to  ensure a reasonable com pleteness. This is im p o rtan t -  preferentially 
including only the  brightest galaxies in a sam ple as one looks ou t to g reater distances 
in troduces the well-known M alm quist bias (M alm quist 1920). As we shall no te in C hap ter 
6, presence of this bias in  optically  selected samples can g reatly  com plicate the analysis 
of galaxy peculiar velocities. A pplying this optical lim it to  the in itia l sam ple resulted  in 
a  fu rth e r 454 candidate sam ple m em bers to  add to  the 125 objects which were already 
know n a priori to  satisfy the redshift criteria.
In  sum m ary  then , the  idealised set of selection crite ria  on which the  final sam ple is based 
are the  following:
2.3.1.6 Flux-Density Limits
• \b\ > 15°




p a p a n n q s a a
F ig . 2 .1 : Hubble diagram  for the sample. New redshifts from  C hap ter 3 are included.
A conservative op tical lim it of B  =  19 was used as the criterion  for selecting galaxies 
from  the surveys th a t did not have a published redshift. T he line shown is a least-m ean 
squares fit to  the points.
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• S u >  0.5 Jy  a t 1.4 GHz
• 0.01 < 2  < 0.1
• B  <  19
2 .4  T h e  F in a l  S a m p le
On the  basis of their spectroscopic redshifts, if available, or B  m agnitude estim ates if not, 
each rad io  galaxy selected for inclusion in to  the in itia l sam ple can be assigned to  one of 
th ree  categories
(i) definite sam ple m em ber since m easured redshift lies in the  range 0.01 <  z  <  0.1;
(ii) definite sam ple non-m em ber since either z  >  0.1, 2  < 0.01, or B  > 19;
(iii) very likely sam ple m em ber, w ithout a  spectroscopic redshift bu t w ith  estim ated  ap­
p aren t m agnitude lying in the range 12 <  B  < 17;
(iv) unlikely sam ple m em ber, w ithout a spectroscopic redshift bu t w ith  estim ated  ap p ar­
en t m agnitude B  > 17.
T he radio and optical d a ta  for the in itia l sam ple are included in A ppendix A. This 
includes the new optical d a ta , acquired during the course of this thesis, which will be dis­
cussed in  the next C hapter. Four tables are given, corresponding to  each of the categories 
ou tlined  above. The spectroscopy program m e acquired 300 new redshifts, boosting the 
redshift com pleteness of the sam ple to  about 90%.
2.5 S e lec ted  P r o p e r t ie s  o f  th e  S a m p le
T his Section examines the sky, redshift and flux-density d istribu tions of the sam ple and
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uses the  V /V max test to  estim ate  its completeness.
2 .5 .1  SKY C O V E R A G E
Fig. 2.2 p lo ts, in  A itoff p ro jection, the sky d istribu tion  of the rad io  galaxies -  filled circles 
and  unfilled circles represent galaxies w ith and w ithout a  m easured redshift respectively.
A sim ple m easure of sky coverage anisotropy is the vector R , which has a m agnitude given
by
i r i  = v v v + n  2 + (ny  (2 .2 )
where /, m  and n  are the  individual galaxy directional cosines. This is an elem ental 
ind ica to r of anisotropy which is sensitive to  north -sou th  d istribu tion  anom alies bu t not 
to  th e  lack of galaxies in  the  zone of galactic obscuration . |R | =  0 im plies a  perfectly 
uniform  sky coverage. T he radio galaxy sam ple has an  am plitude of |R| =  0.18, a  small 
con tribu tion  of which is probably  due to  the n a tu ra l clustering of galaxies. A lthough the 
com posite sam ple is reasonably uniform  it m ay well be th a t there is a  sm all declination- 
dependent system atic incom pleteness. This is shown to be a ra th e r sm all effect however 
la te r  in  th is C hapter.
2 .5 .2  R E D S H I F T  D I S T RI B U T I ON S
T he local radio lum inosity  function (LRLF) is the comoving num ber of radio sources per 
un it volum e as a  function of the lum inosity P  a t a  frequency u and cosmic epoch z  =  0. It 
can be calculated  from  either the d a ta  compiled on a radio-optically  com plete sam ple of 
identified sources, or using the radio observations of an optically  selected sam ple. Like the 
Schecliter function for the optical lum inosity  function, the LRLF also has a  characteristic 
b reak  a t some critical power P*. The LRLF has been derived for elliptical galaxies a t 1.4 
GHz by A uriem m a et al. (1977) and W indhorst et al. (1984). For an  assum ed param etric  
form
p / h 3G p c -3(A lo g 10 P ) ~ l = ¿ > * ( 1 + ^ )  (2.3)
\ P / 1 ,
their results m ay be fitted  by
(d>* P*) —  ̂ 104'3i22.7 W indhorst et al.; ¡-Ui.
' 103-8,23.2  A uriem m a ef al. ci1 Ôl/sitLC'
s^\c\\ c-cxted o  loC'-Je_
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F ig . 2 .2 : Sky d istribu tion  of the sam ple. Filled circles denote objects w ith  a spec tro ­
scopic redshift. Unfilled circles axe objects w ithout a  redshift -  these are very likely to 
have z  >  0.1 and thus to fall outside of the sample.
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T he to ta l num ber of com oving sources a t an  epoch z can be found by in teg ra tin g  over the 
LR LF as follows
r°° l r°° d p
N ( > P ( Z ) )  =  j p P * °e « ,r =  m J p r - f  M
w hich is sim ple to  evaluate  and  gives
N = SIo1" i 1 + t )  ( 2 '5 )
We shall ad o p t a  F riedm ann m odel w ith  Ho =  50km s_1M p c_1 an d  ilo =  1. T h e  lu m i­
nosity  d istan ce  is then
2c
z , ( 2 ) = i M T i l ) [ 2 - (' / r T 7 ' 1)] ( 2 '6 )
and th u s th e  rad io  pow er com puted  in W H z- 1 s r -1  by S uD 2( l  +  z )1+a reduces to
P„ =  3.42 76 X 1026S„ ( 2 --- (1 +  *)1-8 (2.7)
V y / l  + z j
for an  assum ed spec tra l index of 0.8. A fu r th e r q u a n tity  we req u ire  is th e  d ifferential 
volum e elem ent as a  function  of redsh ift. G iven th a t  th e  all-sky sam ple covers a  solid 
angle of 9.314 sr, th en  for the  adop ted  w orld m odel th is  is ev a lu a ted  by
iVW = 2012x G ? J  (2.8)
T h e p red ic ted  redshift d is trib u tio n  is then
d n (z )  =  d V ( z ) .N ( >  P ( z )) (2.9)
T h eo re tica l curves for R L F ’s w ith  the  m odel p a ram ete rs  given by  A u riem m a et al. and 
W in d h o rst et al. are shown in Fig. 2.3 on top  of th e  observed  redsh ift d is tr ib u tio n  for
the  all-sky sam ple. Ua^e. U vUe-
^  ^  ( 1 4 )  «vex- fzlCP UHl ' s r - '  to tUc ioT-ce
As expected , incom pleteness sets in  a t z ~  0.1, reaching  a  fac to r of ab o u t 2 by z =  0.15.
An es tim a te  of the  to ta l expected num ber of sources in  th e  redsh ift shell from  z =  0.01 —>
0.1 down to  the  flux lim it of 0.5 Jy  can be m ade by in teg ra tin g  u n d er these curves. T hus
N J j  p d V d lo g P  (2-10)
T his can be solved ana ly tica lly  and for th e  A u riem m a et al. and  W in d h o rst et al. set of 
p aram ete rs  respectively  gives N  =  305 and  N  =  349. T hese com pare w ith  a  to ta l  num ber 
of expected  all-sky sam ple m em bers w ith in  th is  redsh ift range of 359.
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F ig . 2 .3 : Redshift d istribu tion  of the sam ple (solid h istogram ) w ith  an estim ate  of the
expected d istribu tion  of the  rem aining candidates (dashed  line h istogram ). T he lines m ark  
the expected d istribu tion  for a uniform  ilux-density  lim it of 0.5 Jy  a t 1.4 GHz according 
to  the  lum inosity functions of A uriem m a et al. (1977) and W indhorst et al. (1984).
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2 .5 .3  RAD IO P O W E R  H I S T O G R A M
Taking a  spectral index of 0.8 to  be represen ta tive , the  d istrib u tio n  of 1.4 GHz radio 
lum inosity  for the all-sky sam ple is shown in Fig. 2.4. T he approx im ate  division between 
rad io  sources of the F R I and FR II class is a t abou t log10P 2 . 7  ~  1024 W H z- 1 s r_1.
T he sam ple is thus roughly divided betw een the  tw o m orphological types. In the  absence 
of good rad io  m aps for m ost of the sam ple m em bers we will need to  d iscrim inate be­
tw een rad io  m orphological types on the basis of th e ir rad io  lum inosity  in order to  tes t for 
correlations betw een source stru c tu re  w ith  cluster environm ent in  C hap ter 4.
2 . 5 . 4  v / v m ax T E S T S
T he V /V max tes t (e.g. Longair 1978), can be used to  check the com pleteness of flux-lim ited 
radio  galaxy sam ples so long as redshifts are available. V is the cosmological volume 
enclosed by an object a t redshift z  and Vmax is the  volum e th a t  would be enclosed by 
th a t sam e object if i t  were pushed out to  the  flux-density lim it of its  p aren t sam ple. Under 
the  null hypothesis of uniform  d istribu tion  in  space, the  ind ividual values of V /V max for 
ob jects in a  flux lim ited  sam ple should be uniform ly d istribu ted  betw een 0 and  1, and 
(V /V max) should be 0.5 ±  y/(12N )~ 'where N  is the  num ber of objects in the sam ple. 
Values of V /V max > 0.5 ind icate  a  bias of objects tow ards the m ore d is tan t regions of 
their accessible volumes.
Fig. 2.5 shows the  V /V m ax  values for the sam ple m em bers p lo tted  aga inst their
1.4 GHz radio  lum inosity. E stim ated  redshifts have been included. T he m ean value for 
the  sam ple is 0.49 ±  0.02. As a check for declination-dependent incom pleteness, the 
V /V m ax  s ta tis tic  was also com puted for the n o rthern  hem isphere (6 > 20°), southern 
hem isphere (S < —20°) and equatorial zone ( —20° <  6 < 20°) sources. T he results are 
given in Table 2.3.
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F ig . 2 .4 : 1.4 GHz rad io  lum inosity  d istribu tion  for the all-sky sam ple. T here are
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lo g l0 P l.4 /  W H z ' h r - 1
F ig . 2 .5 : V /V m ax  p lo tted  aga inst 1.4 GHz radio lum inosity  (f i0 = l , h  = 0.5, a  = 0.8)
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Table 2.3: R esu lts  o f  V /V m a x  Tests
all sample:
northern  hem isphere: 
southern  hem isphere: 
equatorial zone: 0.45 ±  0.03
0.49 ±  0.02
0.52 ±  0.03
0.47 ±  0.03
There is a slight declination-dependent incom pleteness for the sam ple. T his is no t too  
surprising given th a t the  sam ple has been compiled from  four different surveys which each 
cover different declination bands. One m ight have expected these surveys to  vary in  dep th  
and com pleteness. It is a  po in t which we will need to  bear in  m ind for la te r , especially 
in C hap ter F ive when synthetic  catalogues reflecting selection effects in the real galaxy 
catalogue m ust be generated  in order to  com pute a robust estim ate of the 3-d correlation 
function.
2.6 S u m m a r y
An all-sky sam ple of some 350 radio galaxies w ith in  2  <  0.1 has been com piled down 
to an  approx im ate flux-density lim it of 0.5 Jy  a t 1.4 GHz. T he ease and  uniform ity  w ith  
which this class of ob ject can be selected from  the  radio surveys, to  some ex ten t justifies 
their use in  th is thesis as s ta tis tica l probes of the  large-scale s truc tu re . I t rem ains to  be 
shown th a t  the  op tical p roperties of the radio galaxies are sufficiently uniform  for them  to 
be used to  m ap the  Hubble flow. This requires an extensive program m e of CCD surface 
pho tom etry  for the  galaxies. W ith  this aim  in m ind, the next two C hapters describe the 
optical d a ta  acquisition and then  the reduction and analysis of the surface photom etry .
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C h a p t e r  3
Data Acquisition and Reduction  
P a r t  I  -  C C D  P h o t o m e t r y
3.1 I n tr o d u c t io n
T he acquisition  and pho tom etric  reduction  of two-colour CCD fram es for a large subsam ­
ple of rad io  elliptical galaxies is described. Normally, CCD photom etry  of bright galaxies 
is a  ra th e r ro u tin e  m ode of observing and the  reduction of the d a ta  poses little  of a  prob­
lem. However, when galaxy m agnitudes are being used to  predict their peculiar velocities 
one needs to  be especially cautious. T he reason for this is th a t  an  observational signature 
for a  bulk flow of galaxies is th a t  they  appear system atically  b righ ter in  one direction of 
the  sky th an  they  do another. I t is im p o rtan t then  to  safeguard against any adverse effects 
in  the  p ho tom etry  which could po ten tially  give rise to  a  spurious brightness grad ien t.
This C hap ter begins w ith  a discussion of the general s tra tegy  for carrying out the 
photom etry . T he in strum en ta tion  employed on each of the telescopes is listed and the 
observing conditions prevalent during the  course of each run are m entioned. Section 3.3 
describes the pho tom etric  reductions. T he set of s tandard  reduction algorithm s applied 
to  the  CCD fram es are dealt w ith  only briefly here. A m ore concise account can be 
found in M ackay (1986) or W all & Laing (1986). C alibration equations for each set 
of observations are derived in Section 3.4. These need to  be free from system atics for 
reliable m easurem ents of the  peculiar velocity field. Tests for the presence of system atics 
in  the  pho tom etry  are described in the next two Sections. F irstly , Section 3.5 presents 
th e  results of a  cross-com parison betw een repeat fram es for galaxies acquired a t different 
telescopes. Section 3.6 presents the  results of astrom etry  checks, which were perform ed 
to  tes t w hether the nom inal pixel scales for the  CCD fram es were in error. In Section 3.7,
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fu rth e r corrections to  the galaxy m agnitudes for the effects of galactic  ex tinction  and an 
expanding universe are described. Section 3.8 gives a  brief sum m ary of the observations.
3.2 T h e  O b se rv a t io n s
These were perform ed a t th ree m ain sites: the U niversity of H aw aii’s 88 inch telescope 
(UH88) on M auna Kea; the A nglo-A ustralian 3.9 m etre telescope (AAT); the  Isaac New­
ton  2.5 m etre  telescope (IN T) on the C anary  Island of La Palm a. I t was possible to  identify  
a fairly  general s tra teg y  for m axim ising the efficiency of the  observations although  th is 
was, of course, subject to  inevitable revision as the course of the p ro jec t developed. Some 
of the  key features are discussed below.
3 .2 .1  G E N E R A L  S T R A T E G Y
T he u ltim a te  goal of th is observing program m e was an  am bitious one: to  acquire B  & 
I  CCD fram es for all of the  radio  galaxies known to  satisfy the idealised set of selection 
crite ria  listed  in  the  previous C hapter. T he choice of filters is qualified la ter.
A first p rio rity  a t the  telescopes was to  observe the radio galaxies which were secured 
a  place in the final sam ple on the basis of published redshifts. Next p rio rity  was given 
to the b righ test rem aining objects, specifically those w ith  11 < B  <  17. T he Hubble 
d iagram  displayed in the preceding C hap ter suggests th a t  these radio galxies are alm ost 
certain  to  fall in to  the final sample.
M any of the  features of the pho tom etry  were d ictated  by the stringen t requirem ents 
of large-scale cosmological flow experim ents. In p articu lar it is essential to  check th a t  the 
galaxy pho tom etry  is uniform  across the sky and free from  any directional biases. T he 
reason for this has been alluded to  above. A m agnitude dipole anisotropy of 0.1 m agni­
tudes, for exam ple, would tran sla te  in to  a  peculiar velocity dipole of roughly 800 km s-1 
a t a  redshift of z = 0.05. Clearly, then , a  claim  for bulk m otions of galaxies could easily 
be discredited if photom etric biases were known to exist in the data .
In order to  test for the  presence of any system atic bias in the  rad io  galaxy photom etry , 
a num ber of objects were observed twice from different telescopes. T ight constra in ts on
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the  observing schedule m eant th a t  the num ber of repeat observations were fewer th an  
w ould have been preferred. However, they  still should allow for some sta tem en t to  be 
m ade abou t the  pho tom etric  consistency of the  observations. We shall re tu rn  to  this 
po int la ter.
The choice of broad-band  filters was m otivated  by a num ber of points. W hen the 
pro ject began, in 1986, infra-red astronom y w ith 2-d array  cameras like IRCAM  (C asali, 
Aspin & M clean 1987) had  not yet emerged. P ho tom etry  in  the I i  (2.2/^m) window w ith  a 
single-element pholtovoltaic device was not an  a ttra c tiv e  alternative . For observations in 
I ,  however, one has all th e  a ttrac tio n s  of observing in  the  infra-red such as sm all ex tinction 
corrections and reduced sensitiv ity  to  recent bursts of star-form ation, b u t w ith the added 
advantage th a t a CCD array  can be used as the detector.
T he im portance of 2-d pho tom etry  for this work stem s from the fact th a t observations 
can be m ade in  non-photom etric conditions and calibrated  la te r by boo tstrapp ing  the 
s tan d ard  s ta r m easurem ents. F urther, i t  is straightforw ard to  design algorithm s for 2-d 
arrays which can in teractively  remove foreground stars  and nearby galaxies from  around 
the  object of in terest. This contrasts w ith single-element detectors where one would 
a ttem p t to  m inim ise the  effect of nearby contam inants by m aking a judicious choice of 
ap ertu re  size.
T here are several argum ents in favour of com plem enting the near infra-red CCD 
observations w ith  a fu rther set of observations th rough a  blue passband, such as the B  
filter. In the  context of this work, two are of p a rticu la r im portance. F irstly , the  colour 
inform ation could be used to  check against cases of anom alous foreground extinction. 
Also, the ex tra  colour inform ation could conceivably be used to  d iscrim inate between 
m ultip le nuclei in galaxies and foreground stars  when secondary local m axim a appear in 
the galaxian light profiles and there is some doubt as to  its origin. Secondly, the expected 
correlation betw een B  — I  colour and I  m agnitude (Pierce 1986) for elliptical galaxies m ay 
serve as an ex tra  d istance ind icator relation for tigh tening up the estim ates of the radio 
galaxy peculiar velocities.
As it tu rned  out, only 120 B  band CCD fram es were eventually recorded. Adverse 
w eather conditions prevaled on the INT and AAT runs and as a result it was decided to
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sacrifice the  B  band  observations in order to  observe as m any galaxies in  the prim ary I  
band  as tim e allowed.
3 .2 .2  I N S T R U M E N T A T I O N  AND O BS ERV ING C O N D I T I O N S
U H 8 8 . The telescope was m ounted a t Cassegrain focus w ith a G alileo /In stitu te  for 
A stronom y CCD cam era. This configuration norm ally results in  a  pixel scale of 0-14 
arcsec. For our observations a  focal reducer was used and this increased the im age scale 
to  0 -4 1  arcsec p ixel- 1 . T he larger pixel size m ean t th a t  nearby  galaxies of large angular 
size could be accom m odated onto  the chip in  addition  to  some background sky. One 
slight disadvantage of this optical set-up was an im pairm ent to  the blue response of the 
detector. T he detector used was a Texas In strum en ts (T I) three-phase CCD , th inned and 
back-illum inated. I t has 5 0 0  X 5 0 0  pixels, each 1 5 / im  square. T he low readout noise and 
excellent seeing conditions prevalent on M auna Kea com pensate for the sm aller apertu re 
of this telescope.
A A T . An RGO CCD cam era was used. This was equipped w ith a th inned, back- 
illum inated  Thom pson CCD w ith  1 0 2 4  X 1 0 2 4  pixels each 1 9 fj,m square. T he nom inal 
pixel scale was given as 0 .1 6  arcsec. pixel- 1 .
IN T .  An RGO CCD cam era was m ounted a t prim e focus of the 2.5 m etre telescope. 
T he detector was an RCA CCD which has 350 X 512 pixels, each 3 0 /xm square. A t the 
IN T prim e focus each pixel subtends a nom inal angular size of 0.74 arcseconds.
Observing conditions during the  UH88 run  were excellent. In addition to  the cloudless 
skies, good seeing conditions prevaled over all th ree nights w ith a typical ste llar point- 
spread function m easured a t abou t 1". This is particu larly  crucial for galaxy surface 
pho tom etry  where it  desired to  reliably fit the  light profile of the galaxies over a large 
rad ia l range including well in to  the centre. Typical in tegra tion  times on the galaxies were 
180s in I  and 300s in B.  This allowed a  to ta l of 120 radio galaxies, in addition to several 
sequences of s tan d ard  stars, to  be observed through  bo th  filters in  a  to ta l of th ree nights.
Conditions a t the IN T were less favourable. A common feature of observing a t the 
O bservatori Astrofisico del Roque de los M uchachos on the C anary  Island of La P alm a
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is the presence of Saharan dust blown over from the east in  adverse w eather conditions 
(W h itte t, Bode & M urdin 1987; Kidger 1990). This problem  afflicted two of the three 
nights th a t were allocated for the  photom etry. Radio galaxies were still observed on 
each of the dusty  nights bu t w ith  a  fairly low du ty  cycle. I t was essential to  break off 
afte r every hour or so and observe s tan d ard  stars  if the  d a ta  were to  have any chance of 
being adequately  calibrated  la ter. Only radio  galaxies w ith in  30 — 40° of the zenith were 
observed in order to  avoid the w orst of the dust clouds tow ards the horizon.
Finally, conditions a t the AAT were acceptable for one night only. The o ther night 
suffered from dreadful seeing conditions of abou t 8". An op p o rtu n ity  was taken to acquire 
some m ore B  fram es on th is n ight although these were not used for the subsequent analyses 
presented  in  the  next C hapter.
3.3  D a ta  R e d u c t io n
All of the raw  CCD fram es were processed by the  au th o r on the  Royal O bservatory E d­
in b u rg h ’s STARLINK VAX. Use was m ade of the  s tan d ard  softw are packages d istribu ted  
by STARLINK, nam ely FIG A R O  and ASPIC , although for some stages in the reduction 
it was necessary to  w rite new software. Some of the m ain  features of the CCD reductions 
are described briefly in this Section.
3 .3 .1  BIAS S U B T R A C T I O N
T his was especially simple for the UH88 data: a  DC level calculated from the over readout 
of the  chip was sub tracted  as a scalar from each fram e. A t the IN T and AAT, bias frames 
were routinely  m easured a t the s ta r t and end of each n ig h t’s observing. A m aster fram e 
was then  constructed  by averaging over each set of fram es. An appropriately  scaled version 
of th e  m aster fram e was then  sub trac ted  from  all of the  rem aining flat-held and galaxy 
fram es.
3 .3 .2  F L A T - F I E L D I N G
A set of flat-field fram es were recorded each night for the purpose of rem oving any large- 
scale gradients th a t  m ight exist across the chip. A t UH88 the flat-held fram es were
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obtained  by illum inating  the inside of the dome w ith  a photoflood lam p and tak ing  a 
series of short exposures through each filter. A fter flat-fielding the  galaxy fram es, they 
were exam ined w ith  a cursor for any residual trace of structu re . In fact this was present 
a t a  ra th e r high level for the B  fram es, abou t 3%. For the I  fram es there was no more 
th an  a  2% grad ien t across the chip. T he sky-flats worked very well for the AAT and IN T 
fram es. Large-scale residual g radients were of the order of 1% or less.
3 .3 .3  C O S M E T I C  I M P R O V E M E N T S
T he UH88 chip in p articu lar was cosm etically ra th e r poor and as well as the large-scale 
grad ien ts across the chip had three columns of ‘b a d ’ or non-functional pixels. R ather th an  
avoid these altogether it is b e tte r  to pa tch  over them  by in terpo la ting  a  value from the 
nearby  pixels and adding random  noise of appropria te  am plitude. Cosmic rays could also 
be identified across the  chip as individual pixels of high intensity . Again, their CCD count 
was replaced w ith  an  in terpo la ted  value from  the eight contiguous pixels.
3 .3 .4  F R I N G E  RE MOVAL
T he optical set-up a t the  UH88 m eant th a t  these fram es did not suffer from any fringing, 
a  phenom enon a ttr ib u ted  to  interference betw een strong night-sky emission lines of com­
parab le  w avelength to  the variable silicon su b stra te  thickness in back-illum inated chips. 
They were present however on the IN T fram es, m ore so in I  th an  in B.  To effect their 
rem oval a  fringe fram e was constructed by stacking up a num ber of long exposure galaxy 
fram es and applying a m edian filter. As fringes are additive in intensity , the procedure 
used for their removal took the form of a global sub trac tion  of an appropriately  norm alised 
fringe fram e from  each of the galaxy images. G enerally this worked well, an exception 
being the fram es recorded towards the end of each n ight when the in tensity  of the sky-lines 
are subject to  rap id  change. Fringes were evident to  a  lesser ex ten t on the AAT fram es 
and were adequately  removed by the flat-fielding process.
3 .4  P h o to m e tr ic  C a libration s
T hroughout the course of each observing run  a pre-defined set of s tan d ard  stars  were
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routinely  observed in  order to m onitor th e  stab ility  of the observing conditions and to 
quantify  the  am ount of extinction in  each of the  photom etric passbands. T he s tan d ard  
stars  were carefully selected from  L ando lt’s equatorial catalogue (L andolt 1983) on the 
basis of their V  m agnitudes and V  — I  colours. Only stars fa in ter th an  V  <  10 were 
selected so as to  avoid sa tu ra tion . Since the stars  would be used to  colour correct the 
galaxies, only those which had  a  V  — I  colour closely m atched to  the canonical elliptical 
galaxy V  — I  colour, which is abou t equal to  u n ity  (Pierce 1986), were selected.
T he first step in  the calib ration  is to  derive ap ertu re  m agnitudes for the  processed 
s tan d ard  stars. These were m easured from  grow th curves of sky-subtracted  flux sum m ed 
in apertu res of increasing radii centred ab o u t the accurate stellar centroid. T he curves 
generally exhibited a sharp rise in  cum ulative flux which gradually  levelled off and finally 
broke up in to  noise as increasingly m ore of the background becam e enclosed by the aper­
tu re . In the  one or two cases where this behaviour was not shown by the grow th curve, 
due generally to  the stars being too close to  the edge of the fram e or else to  a nearby 
con tam inating  s ta r, the stars  were rejected from  the  calibration  analysis.
Simple calibration  equations were derived for each filter which, to  a  good approxim a­
tion , can be trea ted  as linear. They involve th ree term s:
• a  constan t offset term ;
• an extinction  term  proportional to  [sec(x)], where x  is Hle zenith distance of the sta r
a t the tim e of observation;
• a  colour correction term .
T he color term  deserves a special m ention. It arises effectively because the  m agnitudes 
listed  by Landolt for his equatorial s tandards are given in  the s tan d ard  UBVRI p ho tom et­
ric system . This is different to  the K PNO system  employed a t the telescopes and colour 
equations exist between the two system s. Fig. 3.1 illustra tes the broad-band KPN O  B  
and I  interference filter profiles w ith the RCA CCD spectral responses folded in.
These suggest th a t  the colour correction term  for I  will be sm all since the curve alm ost 
overlaps the filter response curve for I  in  the Landolt system . A larger colour correction 
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o
U O tS S lU IS U B J X
F ig u re  3 .1 : T he broad-band K itt Peak  Mould B and I in terference filter profiles.
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A rela tive to  the  B  response curve in  the L andolt system .
3.4 .1  T H E  U I I 8 8  CAL IB RA T IO N S
T he superla tive observing conditions prevalent on M auna Kea for these observation is
evident in  F igure 3.2 which plots I  & B  band  in stru m en ta l offsets (in the sense Landolt
m agnitude — CCD m agnitude) against airm ass. D a ta  from all th ree nights has been 
included on the  one plot and the sm all sca tte r is ind icative of the  s tab ility  of the observing 
conditions th roughout each n ight and, indeed, from  one n ight to  the next.
N otice th a t  the sca tte r abou t the B  band  extinction  curve is considerably larger th an  
for I .  M uch of this can be taken  out by adding a  linear colour term  in to  the  calibration 
equation. So for an  extinction-corrected CCD m agnitude B e CD and  Landolt m agnitude 
B l ,  the  app ropria te  relation  is
B l  -  B(;CD =  a  +  P (B ccd -  I c c d ) (3-1)
where a  and  ¡3 are constan t coefficients to  be determ ined from the  d a ta . Colour corrections 
can often be a  source of confusion. E quation  (3.1) essentially represents an approxim ate 
fit betw een m agnitudes in the L andolt and CCD system s. T he calibration  can be viewed 
in  two different ways: either insert m easured (B  — I )  colours and predict Landolt B ’s, or 
insert (B  — / )  =  0 since M\;ega =  0 in  all system s, and predict CCD B m agnitudes. The 
form er option is chosen here for consistency w ith the calibration  equations from other 
telescopes where different CCD system s have been used. A fter regressing for a  and [3 and 
ite ra tin g  twice for B ecd  i the  following set of calibration  equations were derived
I I  — I ccd — 23.68 -  0.003(secx — 1)
B l  -  B q CD =  24.66 -  0.005(secX -  1) -  0 .04 (B CCd -  I ccd ) (3.2)
A colour term  was in itially  included in to  the calibration  equation  for I  bu t this was found 
to  have a  coeficcient effectively equal to  zero as expected. T he rm s sca tte r abou t each of 
the  above relations was less th an  0.02 m agnitudes.
3 .4 .2  T H E  I N T  C AL IBR AT ION S
T he dusty  conditions prevalent a t the IN T dem anded th a t the object fram es were com­
plem ented w ith a  large num ber of s tan d ard  s ta r observations to  m onitor the stab ility  of
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UH88 KPNO I F i l te r
Airmass
UH88 KPNO B Filter
C O
Airmass
F ig u r e  3.2: E xtinction  curves for the  UH88 s tan d a rd  s ta r  d a ta . All th ree n ights d a ta
have been p lo tted  (each sym bol refers to  a  specific n igh t). M uch of the sca tte r abou t 
the ex tinction  curve for B  is reduced when a  colour correction term  is added in to  the 
calibration  equation.
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the  conditions and for ca lib rating  the d a ta . A quick reduction  of th e  stellar im ages on 
site confirmed a  visual im pression th a t the dust extinction  was falling steadily  during the 
course of each night. The results of a m ore precise reduction of the  s tan d ard  s ta r im ages 
shows th a t this decrease in  extinction is approxim ately  linear in  tim e. F irstly , exam ine 
Fig. 3.3 which shows the I  band ex tinction curves for each of the th ree n ig h t’s over which 
observations were made.
C learly, there is no problem  w ith  n ight 4. T here was very little  ex tinction  and the sca tte r 
ab o u t the least-m ean squares fit to  the d a ta  has an rm s of only 0.01 m agnitudes. However, 
there is a  considerable am ount of sca tte r abou t the  calibration  curves for n ig h t’s 2 &: 3 
and  th is is a  consequence of the  anom alous dust extinction. P lo tted  in Fig. 3.4 are the 
ca lib ra tion  curves for n ig h t’s two and three after a  linear tim e term  has been added in to  
the  ca lib ration  equations.
In each case the sca tte r abou t the extinction  curves is reduced by abou t a factor of 3 
down to  th e  level of abou t 0.02 — 0.03 m agnitudes. T he calib ration  equations derived for 
all th ree  nights are as follows.
4  -  4 c d  =  23.60 -  0.025(t -  t0) -  0.22(secy -  1)
4  -  4 c d  =  23.55 -  0.035(f -  t0) -  0.326(secy -  1)
4  -  4 c d  = 23.35 -  0.048(secy -  1) (3.3)
where to refers to  the tim e at which the observations commenced. A lthough this reduction 
in sca tte r brought about by in troducing  the tim e-dependent term  is encouraging, there 
is no su b s titu te  for cross-com paring fram es to check for photom etric consistency. A few 
galaxies th a t were observed on the dusty  n ights were re-observed on the  photom etric
fou rth  n ight and the results of cross-com parisons betw een each set are presented in  the
next Section.
3 .4 .3  A A T C AL IBRAT ION S
These were achieved to  w ithin an  rm s error abou t the calibration  curve of only 0.02 
m agnitudes. T he following equation was derived:
4  -  4 c d  =  24.34 -  0.14(secx -  1) (3.4)
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F ig . 3 .3 : E x tinction  curves in the I  band  for the th ree  n igh ts  a t the IN T spent on
photom etry . N ight 4 was photom etric. T here is a large sca tte r ab o u t the curves for nights 
2 & 3 caused by anom alous dust extinction.
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n ig h t  2
night 3
a i r m a s s
F ig . 3 .4 : E x tinction  curves in  I  for nights 2 & 3 a fte r correcting for a linear time-
dependent term . T he rm s sca tte r abou t a least-squares fit is reduced by a  factor 3 to 
abou t 0.02-0.03 m agnitudes.
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3.5 P h o t o m e t r i c  C o n s is te n c y  C h ecks
As I have already stressed, it is im perative th a t one can dem onstra te  there are no 
system atics in the  galaxy photom etry  which could po ten tia lly  m asquerade as a  dipole 
in the  ex tragalac tic  peculiar velocity field. Due to  severe constra in ts on the observing 
schedule it was possible only to  repeat observations for a  few galaxies a t different sites. 
In to ta l, five objects observed a t UH88 were re-observed a t the AAT. A lthough this is a 
far sm aller num ber th an  one would have liked i t  is enough to  tes t for system atics. On 
some of th e  fram es there are also a few common, u n sa tu ra ted  s ta rs  and these can be used 
in  add ition  to  the  galaxies for the  cross-com parisons.
A num ber of galaxies observed during the two non-plio tom etric nights on the INT 
were also re-observed on the th ird  photom etric n igh t to  check the  tim e-dependent 
calib ration  equations. This Section presents and  discusses the  results from  all the 
pho tom etric  cross-checks. A brief word abou t how the galaxy ap e rtu re  m agnitudes were 
m easured is given first.
3 .5 .1  M E A S U R E M E N T  O F  A P E R T U R E  M A G N I T U D E S  F O R  T H E  G ALA XI ES
Firstly , an  estim ate  for the background sky level on each fram e needs to  be found. This 
was achieved sim ply by finding the  m edian values in boxes of side length  5" placed a t each 
corner of the fram e. To m easure a ‘clean’ estim ate  of the galaxy ap ertu re  m agnitudes it 
is necessary to  remove any contam inating light from around the  ob ject of in te rest which 
m ay be due to  the  presence of either background stars  or galaxies. T he algorithm  used 
for th is purpose is sim ilar to  the one described by Lilly & P restage (1987), who were also 
a ttem p tin g  to  m easure apertu re  m agnitudes for a  sam ple of low redshift rad io  elliptical 
galaxies.
T he algorithm  proceeds as follows. F irstly , locate an accurate  centroid for the galaxy. 
T his is achieved by m aking an in itia l guess for the cen tral pixel and then fitting  a parabo la  
to  the in tensity  values in  nearby pixels. T he in tensity  values of all pixels which are 
180° reflections of each o ther about the galaxy centroid are then  exam ined. If these are 
m ism atched by an am ount which exceeds some pre-set threshold  then  the higher value 
is reduced to  the  value of its sym m etric coun terpart and gaussian noise of appropria te  
am plitude is added. This threshold is of course ra th e r a rb itra ry . T rial-and-error values
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suggested th a t  pulling down the pixels th a t were too brigh t by abou t a  facto r of 5 worked 
best. Sky su b trac ted  apertu re  m agnitudes were then  com puted for each galaxy. The 
choice of ap e rtu re  for this was d ictated  by the angular size of the  galaxy and its location 
on the  fram e.
3 .5 .2  C O M P A R I S O N  B E T W E E N  U I I 8 8  &  A AT M A G N I T U D E S
Only five rad io  galaxies observed on the UH88 ru n  were re-observed a t the AAT. In 
add ition  to  com paring the galaxy m agnitudes there are also typically  two or three 
u n sa tu ra ted  stars  on each of these fram es which can be included in to  the cross­
com parisons. T he full set of m agnitudes and their residuals derived from  each of the 
rep ea t fram es are given in Table 3.1.
In  viewing Table 3.1, the greatest weight should be given to  the  galaxy m agnitudes since 
these were m easured in  larger apertures th an  the  stars. This is im p o rtan t because errors 
in  estim ating  the  stellar centroids -  for the AAT fram es these are likely to  be larger given 
th a t the  pixels only subtend 0.15" -  can lead to  system atic m agnitude errors. For larger 
apertu res, the  consequences of m istaking the  tru e  centroid are not so severe. A pertu re 
sizes for com puting galaxy m agnitudes were d ic ta ted  by the location of the  galaxy on the 
fram e and on its  environm ent. T he stellar m agnitudes were to ta l m agnitudes derived from 
grow th curves of cum ulatives sky-subtracted  flux. M agnitudes were ob tained  before and 
after th e  sym m etrisation  algorithm  was applied to  remove nearby  objects. T he results 
quoted in  Table 3.1 are for the pair of m agnitudes which were in closer agreem ent -  either 
those before or after application of the algorithm . E rror bars on the estim ated  m agnitudes 
are som ew hat uncertain . They were derived by sim ply assum ing a  1% inaccuracy in the 
background sky value th a t was sub trac ted  from  the fram e.
T he m agnitude residuals, which are w hat we are really in terested  in, are fairly 
evenly sca tte red  about zero suggesting th a t  there are no obvious system atic  offsets in the 
photom etry . A proper sta tis tica l analysis is difficult to  do since the m easured values from 
each fram e are no t independent. In re trospect, i t  would have been desirable to  repeat 
m ore observations of galaxies to  put the issue of system atic m agnitude offsets beyond 
doubt. W ith  only five repeat fram es I believe it  is not possible to say unequivocally th a t
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T a b l e  3 .1 :  S u m m a r y  o f  U H 8 8  &  A A T  r e p e a t  p h o t o m e t r y
AAT UH88 size A m i





14.72 ±  0.24 
11.43 ±0.03
15.73 ±0.40
13.79 ±0.1  
14.59 ±0.10  










0431 -  134 
star 
star
13.25 ±0.09  
15.60 ±  0.33 
16.22 ±0.04
13.28 ±  0.04 
15.51 ±0.15  







0825 +  247 15.09 ±  0.09 14.86 ±0.1 12" 0.23
0945 + 076 
star 
star
15.14 ±  0.06 
17.33 ±0 .4  
16.93 ±  0.35
15.10 ±  0.04 
17.36 ±0.25  







1000 -  043 
star 
star
14.16 ±  0.06 
15.97 ±  0.08 
14.77 ±  0.2
14.10 ±0.09  








T a b l e  3 .2 :  S u m m a r y  o f  I N T  r e p e a t  p h o t o m e t r y
P N/P size A m i
1502 +  262 
star 
star
13.67 ±  0.04 
16.41 ±  0.21 
16.03 ±0.15
13.78 ±0.10  








0206 +  35 
star 
star
15.06 ±  0.09
14.49 ±  0.08
15.50 ±  0.12
15.10 ±  0.06 
14.49 ±  0.10 







0121 +  429 
star 
star
14.76 ±0.23  
15.54 ±0.07  
16.94 ±0.10
14.59 ±0.14  








1713 ±641  
star 
star
14.93 ±  0.09 
15.89 ±0.23  
16.40 ±0.17
15.08 ±0.19  
15.82 ±0.24  
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there  are no system atic  offsets in the pho tom etry  -  there appears, on the basis of the 
evidence we have, to  be no serious inconsistencies w ithin the  d a ta .
3 .5 .3  T H E  I N T  R E P E A T  P H O T O M E T R Y
In troducing  a  tim e-dependent ex tinction term  in to  the  calib ration  equations for the IN T 
p ho tom etry  appeared  to  work very well. To get a  m ore robust idea of w hether the 
calibrations are adequate  it is im p o rtan t to  check the galaxy m agnitudes, together w ith  
a  few ste llar m agnitudes, on repeat fram es. T here are four such fram es, two from  each of 
the  two dusty  n ights, which overlap w ith  observations th a t  were m ade on the extrem ely 
pho tom etric  n ight. T he full set of com parisons are presented in Table 3.2. T he column 
labelled ‘P ’ refers to  m agnitudes for objects taken from  the pho tom etric  fram es and ‘N /P ’ 
refers to  the  non-pliotom etric fram es. T here is clearly an excellent agreem ent between 
these values, which serve to  increase our confidence th a t the IN T d a ta  can be included in 
th e  peculiar velocity analysis w ithou t in troducing  any bias.
3.6  A s tr o m e t r y
T he level of precision required for stream ing flow work and the  desire to  avoid system atics 
in  the  p ho tom etry  require th a t  the nom inal pixel scales quoted for each of the CCD 
detectors should not generally be taken on tru s t. A system atic  difference in (true  — 
nom inal) pixel size from one detector to  the next can again m anifest itself as a  stream ing 
dipole and consequently needs to  be guarded against. A precise value for the INT pixel 
scale was kindly provided by K arl Glazebrook who was conducting a  B V R I  survey for 
fa in t objects on the IN T im m ediately prior to  m y own run. As p a rt of his reductions, 
G lazebrook need to pair up the CCD identifications w ith a  list of objects identified from 
photographic plates. This procedure provided an accurate value for the IN T CCD pixel 
scale which tu rned  out to  be 0.741 ±  0.004", i.e very close to  the nom inal figure of 0.74". 
Only two IN T CCD frames overlapped w ith UH88 frames of iden tical galaxies. However, 
on these fram es there were 3 and 5 u n sa tu ra ted  stars respectively. Com paring distances 
betw een galaxy-stellar and stellar-stellar centroids from each fram e allows the UH88 pixel
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scale to  be tied  down to  sufficient accuracy. A value of 0.410 ±  0.008 was es tim ated  which 
is identical to  th e  quoted value w ithin the errors. Using the UH88 and AAT overlap 
fram es, a  sim ilar procedure was to  establish  the  pixel size for the chip used a t the  AAT. 
A value of 0.15 ±  0.005 was obtained  which falls m arginally  outside the nom inal value.
3 .7  F u r th er  C o r rec t io n s  to  G a la x y  M a g n itu d e s
H aving derived ca lib ra ted  m agnitudes for the  galaxies they  then  need to  be corrected for 
tw o im p o rtan t effects: galactic  dust ex tinction  and  cosmology. Each of these are now 
discussed briefly in  tu rn  below.
3 .7 .1  G A L A C T I C  E X T I N C T I O N  C O R R E C T I O N S
These were tak en  from  the  HI density contour m aps of the galaxy presented by B urstein 
& Heiles (1982). T he corrections are very sm all (<  0.02) well away from  the  galactic 
plane, rising to  ~  0.06 tow ards |i>| ~  15°. C orrections for I  were taken  to  be ab o u t 30% 
of the  ex tinction  in B ,  assum ing a  W hitford  reddening law  (P ierce 1986).
3 .7 .2  C O S M O L O G I C A L  C O R R E C T I O N S
In an expanding universe, the (m onochrom atic) surface brightness of a source is given by
r _ si/(l+z)
" ~ ( i + W  1 j
where I s is the  surface brightness at the  source. In teg rating  over bandpass frequency, the 
result is
—2.5logJ =  —2.51og^— +  K ( z )  (3.6)
The term  K ( z )  com prises two parts: (1) the acceptance band  is narrow er in the rest fram e 
of the  d is tan t ob ject by a  factor (1 +  z),  independent of wavelength or of the  shape of the 
energy curve -  the apparen t m agnitude of the object is thereby increased by an am ount 
2 .5 log(l +  z).  (2) A t each wavelength A in the acceptance band the in tensity  received 
is not F ( A) read  from the s tandard  energy curve in the observer’s velocity fram e, but 
F [A /(1  -f z)\.  T he apparen t m agnitude will then  be increased if the energy curve falls 
tow ards shorter wavelengths, or decreased if i t  rises.
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In order to  get a  handle on the m agnitude of the  second term  above, B ruzual (1983) 
has considered spectral evolutionary  models for ellipticals in which the galaxies are trea ted  
as a  closed system  for w hich the star-form ation ra te  is a  sm ooth  function of tim e. This 
ra te  governs the  spectral evolution of the galaxy. Specifically, he considers two models -  
evolving and  non-evolving. Using his tabu la ted  values of lif-corrections as a  function of 
redshift and  fitting  these to  a  simple model of the form K ( z )  =  az + bz2, it was found th a t 
for the p articu la r version of the evolving m odel th a t was exam ined, a= 0  and b = 0  whereas 
for the  non-evolving m odel, a= 0 .8 , b= 0. In fact for low redshifts, where the m agnitudes 
of th e  effect are sm all, it does not really m a tte r which m odel one assum es so long as this 
is s ta ted  clearly in any work. T he non-evolving m odel was selected to  K -correct the radio  
galaxy m agnitudes.
3 .8  S u m m a r y  and  C o n c lu s io n s
T he CCD pho tom etry  program m e resulted in  abou t 100 B  fram es and 320 I  fram es. All 
of the  B  fram es and abou t 50% of the I  fram es were obtained  in  extrem ely photom etric  
conditions on M auna Kea. A bout 25% of the fram es were acquired a t the IN T , where 
conditions were less th a n  favourable. For studying cosmological peculiar velocities it 
is essential to  be free from  any sort of system atic offsets in  the pho tom etry  which can 
m asquerade as a  dipole. No evidence was found for any such offsets in  the  rad io  galaxy 
pho tom etry , a lthough our conclusions were based on ra th e r fewer num bers th an  would 
have been preferred. A strom etric  checks were also perform ed as a guard  against biases 
th a t  can creep in  if there is a  system atic over/under estim ation  of galaxy sizes. Galaxy 
p ho tom etry  is really  only of any use when coupled w ith  redshifts. This la t te r  m easurem ent 
allows observed photom etric properties of the galaxy to  be re la ted  to  their in trinsic 
properties. I t is to  the  redshift survey for the radio galaxy sam ple then  th a t we now 
tu rn  our a tten tion .
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P a r t  I I
Optical Spectroscopy
3 .9  I n tr o d u c t io n
T his second p a r t of the  C hap ter deals w ith a com pletely different aspect of the observing 
program m e -  nam ely, th e  op tical spectroscopy. Recall from  C hap ter 2 th a t,  of the in itia l 
sam ple, only 125 rad io  galaxies had  a  published radial velocity th a t  was sufficiently accu­
ra te  no t to  have to  be rem easured for the stream ing flow work. A report is given here of 
a  rad io  galaxy redshift survey which has as its m ain goal to  acquire redshifts for the rest 
of the sam ple.
R edshift com pleteness, or a t least as near to this ideal as possible, is usually an es­
sen tial requirem ent for any sam ple being used to  probe the large-scale structu re . This 
was evident for the  all-sky sam ple in the sense th a t prelim inary results for the 3-d corre­
la tion  function  (Peacock et al. 1988) led us to draw quite different conclusions abou t the 
clustering properties of radio galaxies than  do a sim ilar set of results for the full redshift 
survey (C h ap te r 5; Peacock & Nicholson 1991).
Specific features of a  spectroscopic program m e for galaxies which are u ltim ate ly  being 
used to  stu d y  the Hubble flow are th a t the m easured redshifts need to  be accurate  and 
free from  system atic  biases. Typical accuracies need to be of the order of 150 km s-1 or 
less given th a t one is in terested  in  detecting a dipole m otion of som ething like 500 km s-1 
a t (z) ~  0.03. For identical reasons to  those already alluded to  in the pho tom etry  section, 
system atic  biases in  the velocity d a ta  are undesirable.
A brief sum m ary of the rem ainder of this C hap ter is given below. Section 3.10 
presents some details regarding the d a ta  acquisition, briefly describing the in strum entation
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em ployed a t each telescope and the observational strategy. This is followed in Section 3.11 
by a  discussion of the  d a ta  reduction techniques. In common w ith  the CCD photom etry  
there is a  fairly  s tan d a rd  approach to  this problem . Hence it is dealt w ith  only briefly 
here. Section 3.12 describes some commonly occurring features th a t  appear in  the  spec tra  
-  a  ca ta logue of all th e  observed radio galaxy spec tra  are included as an  A ppendix  to  this 
thesis. T he nex t Section derives redshifts for the galaxies using the  cross-correlation 
technique. T he chief sources of errors in these m easurem ents are pointed  ou t and  a cross­
com parison betw een the  redshifts obtained here and those obtained by o ther workers for 
a  sm all subset of the  radio  galaxies which have been observed twice is p resented. A 
sum m ary of this work is presented in Section 3.14.
3 .1 0  T h e  O b se rv a t io n s
T he full set of spectroscopic observations undertaken  for this thesis are displayed in  Table 
3.3.
T he au th o r was present on three of these runs. F urther d a ta  has generously been acquired 
for th is work by Lance M iller (IN T & Cerro-Tololo Inter-A m erican O bservatory), Charles 
Jenkins (using the D urham -R G O  Faint O bject Spectrograph (FO S) on the  W illiam  Her- 
schel 4.2 m etre  telescope), Simon Lilly (UH88) and John Peacock (AA T). A few details 
of the  in stru m en ta tio n  and acquisition techniques are provided below.
U H 8 8  T he U niversity of Hawaii’s Faint-O bject Spectrograph (FO S) was m ounted at 
C assegrain focus w ith  a cryogenic CCD cam era. The dispersive elem ent in the spectro­
graph  was a  grism . This had  600 lines per m m ., providing an undeviated  cen tra l wave­
length  of 5000A and a  spectral coverage between 4500 and 6200A. The cryogenic cam era 
em ployed as its  detec to r a  Texas Instrum ents CCD array. The optical system  illum inates 
the  cen tra l few hundred  columns of pixels, w ith  the dispersion direction parallel to  the 
long side. A few columns in  the unexposed area of the chip are read out twice to  provide 
a d irect m easure of the electronic bias offset level. On-chip binning was perform ed, in 
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I N T  2.5 m e tr e  T he instrum en tation  employed here was an  RGO S pectrograph  and 
IPCS detec to r. This la tte r  is a  blue-sensitive photon-counting device which stores ind i­
vidual pho ton  events in a 2D im age of about 10° elem ents, w ith  zero readou t noise and  a 
negligible dark  curren t. It has, a t m axim um , 2044 pixels available in the spectral direction 
and 514 in  the  sp a tia l direction. T he detector is particu larly  su ited  to a  w avelength range 
from 3500 —> 6000A, having a m axim um  quantum  efficiency of abou t 20% a t 4000A. In 
conjunction w ith  the  235mm. cam era, an  R300V grating was chosen to  yield a  w avelength 
coverage of approxim ately  3000 —» 7000A a t ~  2A per pixel. W ith  a CCD detecto r, it  
is no t possible to  exam ine the  signal-to-noise ra tio  of a spectrum  u n til the  chip is read  
ou t a t the  end of an  in tegration . T he IPC S, however, counts ind ividual photons and 
real-tim e readou ts are possible. Thus, one can watch the spectrum  build-up in real tim e 
and  te rm in a te  the  in teg ra tion  once spectral features begin to  appear which are deemed 
good enough for an accurate redshift estim ation.
A A T  A gain a  com bination of RGO Spectrograph and IPCS detector was used. A 
235mm. cam era w ith  250B dispersive gra ting  was employed to  give a  sim ilar w avelength 
coverage to  th a t  a tta in ed  a t the IN T. For the second run, IPCS sp ec tra  were com plem ented 
w ith  FORS spec tra  in the cases where the former spectra  showed only poor signal-to-noise 
ra tios. FO RS is optim ised for low resolution, red spectroscopy of fain t objects and is highly 
efficient. T he norm al wavelength range is fixed at 5200 —> 10900A w ith peak response at 
~  7000A.
W H T  The D urham -R G O  Faint O bject Spectrograph was em ployed, m ounted  a t the 
f / 15 Cassegrain focus of the telescope. This is a fixed form at, low resolution (15 —> 20A 
FW H M ) device of high th roughput m aking it particu larly  suited for fain t ob ject observa­
tions. Its  detector is a  385 X 576 GEC CCD and dispersion is provided by a  transm ission 
gra ting  and  grism . F irst-order spec tra  were obtained which cover a w avelength range of 
4000 —> 10500A w ith  a dispersion of about 9A per pixel.
C T IO  T he telescope was configured w ith a Ritchey-Chre'tien Spectrograph in com bi­
nation  w ith  pre-fiashed G E C # 9  CCD and 250A /m m  grating . T he w avelength coverage 
was from  abou t 4000A to  7000A a t roughly 3A per pixel. A s tan d ard  exposure tim e of 
600s on each galaxy gave very high signal-to-noise spectra.
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Low-redshift rad io  galaxies are generally very bright and extended objects. This m akes 
observing them  fairly  straightforw ard . Their high optical lum inosity  m eant th a t the m a­
jo rity  could easily be seen on th e  acquisition TV  in the control room  of the telescope. 
A ccurate centring of the  slit on the  targe t object was then  sim ply achieved by a m anual 
ad justm en t of the  telescope pointing. A ccurate positional offsetting from recom m ended 
nearby  guide stars  was used to  centre up the fa in ter galaxies.
One of the  chief advantages of using the IPCS over a CCD is the facility to  allow the 
spectrum  to be w atched being bu ilt up. This allows the observer to  intercede when he feels 
th a t  there  is enough S /N  in the  spectrum  for estim ating redshifts. W ith  the CCD one has 
to  choose an in teg ra tion  tim e and the object spectrum  is ‘h idden’ from view un til after 
in tegra tion . For these la tte r  observations, in tegration  times were based on the apparen t 
B  m agnitudes of the  galaxy and the knowledge th a t cross-correlation redshifts (Section 
3.13) accurate  to  <  50 km s-1 require an S /N  of >  100 counts per pixel. Typically, the 
in teg ra tion  tim es ranged betw een from about 5 m inutes and 45 m inutes.
A num ber of calib ration  spec tra  were acquired along w ith  the radio galaxy observa­
tions. Arc spec tra  are the m ost im p o rtan t and these were m easured after each slew of 
the  telescope to  guard  against flexures in the optical system  and to  w avelength-calibrate 
each galaxy spectrum  independently . F la t fields were needed to  correct the CCD detector 
surfaces for large-scale grad ien ts. A t UH88 and CTIO these were obtained by replacing 
the  arc-lam p w ith  a  tungsten  filam ent lam p and uniform ly illum inating the slit. F inally , a 
pair of recom m ended flux-standard  and sm ooth-spectrum  stars were observed to  be used 
for tak ing  out the in stru m en ta l wavelength responses of the detectors and correcting for 
atm ospheric absorption effects a t the  red end of the spectra.
3.11 D a ta  R e d u c t io n
T he FIG ARO  2-d spectral reductions software package, w ritten  by K eith Shortridge, 
was adequate for m ost steps in  the reduction. T he m ost im p o rtan t one of these is the 
w avelength calib ration  which u ltim ately  lim its how accurately redshifts can be m easured. 
All of the reductions described here were done by the au tho r w ith the exception of the 
second set of AAT d a ta  which were reduced by John Peacock. The IPCS and CCD spec tra
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require slightly  different reduction techniques which are indicated  below.
3.11.1  F L A T - F I E L D I N G
T he CCD sp ec tra  were accom panied by flat-field images for the purpose of rem oving large- 
scale in tensity  trends from  across the surface of the detectors. F irstly , the  2-d flat field 
im ages were collapsed in the  spatial direction to  give a  set of 1-d spectra. These represen t 
the average spec tra l response of the tungsten  lam ps th a t were used to  illum inate  the 
detector and are essentially  ju s t black body curves. A spline fit was then  m ade to  each of 
the flat-field sp ec tra  to  yield their sm oothed versions. Each of the cross-sections parallel 
to  the sp a tia l direction in  the  2-d flat-field im ages were divided by the  sm ooth  spectrum . 
This produces a  corrected flat-field calib ration  im age. All ob ject and  arc im ages were 
divided by an app ro p ria te  flat-field fram e to  correct for sensitivity  variations across the 
detector. T he IPC S and  FORS arrays were no t flat-fielded since pixel-pixel deviations for 
these devices are apparen tly  <  2% a t m ost.
3 .11 .2  E X T R A C T I N G  T H E  S P E C T R A
1-dim ensional sp ec tra  were next ob tained  from  the 2-dim ensional spectral im ages by ex­
trac tin g  a num ber of rows parallel to  the dispersion direction and sum m ing these to yield 
an in tensity  profile across the slit. T he num ber of ex tracted  rows in each case was de­
term ined by inspecting the im ages w ith  a  cursor. For emission line galaxies (such as 
1127+012) it was often b e tte r  to  ex tract only a  few rows either side of the  nucleus to  en­
hance their spectral features. A num ber of sky rows were ex tracted  from each side of the 
object and norm alised to  the  num ber of object rows to  yield a com posite sky spectrum . 
A factor of 3 or 4 tim es as m any sky rows were ex tracted  th an  object rows in order to  
reduce the  noise level in the sky-subtracted  spectrum .
3 .11 .3  W A V E L E N G T H  CA L IB RA T IO N
This is an au tom atic , m enu-driven procedure w ithin the FIG A RO  software b u t requires 
some care given its  relevance to  the accuracy of the final redshifts. T he first step  is to  
identify  as m any arc lines as possible in an  arc-lam p spectrum  using a list of tab u la ted
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wavelengths as a guide. For all of the arc-lam p sp ec tra  m easured here a t least 16 lines 
could be readily  identified over a  decent range in  w avelength. A polynom ial is then  
fitted  to  the  w avelength/channel num ber re lation for each of the arc sp ec tra  in order to  
define a  global relationship . A fter some tria l-and-error a high-order (e ighth) polynom ial 
was used because i t  gave a  good fit over a  wide range in wavelength w ith  rm s residuals 
never exceeding 0.3A: a t a  wavelength of 5000A this corresponds to a  velocity erro r of 
only 18 k m s_1. T he accuracy of the wavelength calibration  is essentially lim ited  by the 
uncertain ties in the  gaussian fitting  routine used to  m easure individual arc lines.
T he tem p la te  arc-line list m easured from  one arc spectrum  was used to  ca lib ra te  all 
th e  o ther arc spectra , using a com parison function w ithin the FIG A RO  software. In fact 
the shifts betw een arc lines during the course of a  n ig h t’s observation were typically  less 
th an  abou t 3A w ith  the exception of the second AAT run  where shifts of up to  6A were 
m easured. It should also be m entioned th a t  each arc spectrum  was fitted  independently . 
A sim pler, b u t perhaps less safe, a lternative would be to  apply some constan t pixel offset 
to  each spectrum , keeping the  same dispersion re la tion  each tim e. T he form er m ethod is 
easy to  im plem ent w ith in  FIG A RO  however and was the  one used here.
T he object sp ec tra  were then w avelength-calibrated by associating them  w ith  the set 
of w avelength coefficients obtained from the fit to  their corresponding arc spectrum . In 
p repara tion  for subsequent steps, the spec tra  were next rebinned into coordinates linear 
in w avelength. Any separate  exposures of the same objects were coadded together a t this 
stage to  form a com posite spectrum .
3 .11 .4  S M O O T H I N G  T H E  S P E C T R A
The global shapes of the reduced spectra  reflect the instrum ental response of the  spec­
trograph  and detector coupled w ith the quartz  calibrator. Sm ooth spec tra  s tan d ard  stars 
were observed for rem oving these effects. Since we shall be needing to  su b trac t the  con tin ­
uum  prior to  doing cross-correlations this is not a crucial stage in the reductions. However, 
often in the  absence of obvious lines in the spectrum  it is necessary to resort to  looking 
for subtle changes in the shape of the continuum  (e.g. the 4000 A ‘b reak’) as an ind icato r 
of redshift.
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T he spectral standards th a t  were observed are LTT2415 (B aldw in & Stone 1983) 
and HD84937 (Oke & G unn 1983) which are b o th  flux-standards. C alib ra tion  of the 
radio galaxy sp ec tra  onto  a  relative flux per un it frequency scale were achieved by p er­
form ing a  sm ooth  in terpo lation  between a  set of points, representing flux-density a t a 
given wavelength, being careful to  avoid known absorption  features in  the stellar spec­
trum . Division by the resu ltan t sm ooth calibration spectrum  left the galaxy continua 
acceptably flat.
3 .11 .5  R E M O V I N G  F E A T UR E S BY I N T E R P O L A T I O N
L ater, when we come to discuss cross-correlations, it will be rem arked th a t  all s trong  night- 
sky lines, emission lines and spurious features in the object spec tra  should be rem oved prior 
to  application  of the  cross-correlation algorithm . Cosmic rays are the  m ain  con tribu to rs 
to  the  spurious features. It is difficult to  find a  technique for rem oving them  from  the 
raw  2-d spec tra l im ages while a t the  same tim e leaving narrow  em ission lines unscathed. 
Consequently these and the night-sky lines were cautiously removed by in terpo la ting  over 
them . A lthough the  sky-subtraction generally worked well, the  oxygen 5875 A line often 
rem ained in the  reduced spectra  and had to  be in terpo la ted  out. As a  precaution  the 
location w ithin the  spectrum  of any excised features was stored so th a t any anom alous 
shifts found by the cross-correlation rou tine could be checked.
3.12 A  C a ta lo g u e  o f  R a d io  G a la x y  S p e c tr a
Some 250 rad io  galaxy spectra  were acquired during the course of this thesis. T he m ajo rity  
of these are presented in Appendix B where they  take the form of plots of flux (a rb itra ry  
un its) against wavelength. It is obviously not possible to discuss each of these in tu rn , 
nor is it  possible to  discuss even a fraction  of these in detail. Instead  I present a short 
sum m ary of some of the m ost commonly recurring features and present two of the more 
extrem e exam ples of emission and absorption  line spectra.
3 .12 .1  S P E C T R A L  F E A T UR E S
A large proportion  of the radio galaxy spec tra  show discernable spectral features of some
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kind or o ther. Table 3.4 gives a list of common absorp tion  and em ission line features, 
in the w avelength range of in terest, th a t have been observed in  rad io  ellip tical galaxies 
(C orw in & Em erson 1982; Costero & O sterbrock 1977).
Aside from  these single lines one can also often discern a strik ing  featu re  known as 
the 4000A ‘b reak ’, due to  a  blend of calcium H and K absorp tion  lines. It is m anifest as an 
ab ru p t change in  continuum  shape. The prevalence of features like th is in  ellip tical galaxy 
spec tra  give credence to  an earlier point th a t  was m ade abou t fla tten ing  the  continuum  
w ith  a  sm ooth  stan d ard  s ta r spectrum .
T he two m ost com m on features seen in  the radio galaxy sp ec tra  are  due to  Mgb 5174 
and th e  sodium  D doublet a t 5892A. T he form er is relatively broad, being a  blend of 
three lines. F u rth er common absorption features in  the  spec tra  are calcium  and iron lines 
a t 5591.0 and  5709.9A respectively. A particu larly  good exam ple of a  s trong  absorp tion  
line spectrum  is shown in Fig. 3.5 w ith some prom inent features m arked. These lines are 
hard ly  redshifted  a t all and cast suspicion on the  identification of th is ob ject w ith  the 
radio galaxy 2053 — 201 which has a B  m agnitude of ~  18. Nevertheless it is shown here 
for illu stra tive  purposes. Spectra w ith strong emission lines are m uch m ore frequently 
seen in  radio galaxies th an  norm al ellipticals. T heir presence is usually linked to  physical 
conditions in the active nuclear regions of the galaxy. Hine & Longair (1979) discovered 
th a t op tical spectral type is correlated w ith redsliift (and consequently radio lum inosity) 
in the sense th a t emission line spectra  are m ore com m on in the higher redshift galaxies. 
By far the m ost com m on emission line feature seen in  the radio  galaxy sp ec tra  is the 
OIII line which has a  rest wavelength of 5007A. It is not surprising th a t, in  th e  light of 
Hine and Longair’s discovery, this line is m ainly seen in the higher redshift rad io  galaxies 
(z  >  0.09) in the sam ple such as 0124+117, 0145+000, 0213+025, 0254+054, 1127+012. 
A particu larly  strik ing example of a narrow  emission line radio galaxy is- 1127+012. The 
spectrum  is shown in Fig. 3.6 w ith five prom inent lines indicated . This galaxy has been 
identified as being of N type in the lite ra tu re  (V eron-C etty  & Veron 1983). These objects 
are p a rtly  s tellar in appearance and display low-level nuclear activity.
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T a b le  3.4: S o m e  c o m m o n  fea tu res  seen  in th e  s p e c tr a  o f  radio  g a la x ie s .
absorp tion emission
'\o feature ^ 0 feature
3742.5 Fel (+ T ÌII  ?) 3346 Ne V
3769.0 HA +  Fel 3426 Ne V
3794.5 Fel 3727 O II
3798.6 Hfl 3869 Ne III
3827.0 Fel 3889 He I
3834.7 H 77 (+ M g I +  Fel) 3967 Ne III
3879.1 Fel 3970 He
3888.7 HC 4071 S II
3933.4 C a ll 4102 H<5
3969.2 C a ll +  He 4340 h 7
4071.1 Fel 4363 O III
4102.8 m 4686 He II
4227.8 C ai 4861 H ¡3
4272.1 Fel +  C rI 4959 O III
4298.1 CH etc. 5007 O III
4304.4 CH etc. 5199 N I
4310.4 CH etc. 5309 Ca V
4340.5 h 7 5721 Fe VII
4376.7 Fel +  CH 5876 He I
4384.1 Fel 6087 Fe V II
4864.5 H/3 6300 O I
5166.6 M gl 6364 O I
5174.0 M gl 6374 Fe X
5183.2 M gl 6548 N II
5268.6 Fel +  C ai (or MgH) 6563 H a
5591.0 C ai +  Nil 6583 N II
5709.9 Fel +  M gl (+N ÌI ?) 6716 S II
5847.6 Fel (+  N il ?) 6731 S II




5955.3 Fel 1+ T il
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F ig . 3 .5 : Spectrum  for 2053 — 201. M ost of the absorp tion  featu res which are evident
in the  o th er rad io  galaxy sp ec tra  are present here.
Fig. 3 .6 : Spectrum  for 1127 +  012. This galaxy is no ted  as being of N -type in the
ite ra tu re . Its  spectrum  shows a  varie ty  of strong em ission lines and  is fairly atyp ical w ith 
•egard to  the rest of the radio galaxy spectra.
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3 .1 2 .2  A N O M A L O U S  O B J E C T S
Not too surprisingly a  very small percentage of tire objects included in tlie in itia l sam ple 
tu rned  o u t no t be radio galaxies. A W H T spectrum  of 0850-f51b revealed it to  be a 
quasar w ith  its broad M gll emission line and continuum  shape suggesting z ~  1.3. F u rth er 
investigation  revealed th a t  this object had in  fact been identified as such by K iihr et al. 
(1981). Its  original inclusion in the sam ple has arisen v ia an error in Cohen et al. (1977). 
A fu rth e r peculiarity  is the spectrum  for 2005—489 which is clearly stellar. In fact Savage 
& W all (1976) expressed a suspicion th a t  the m ost likely op tical candidate for this Parkes 
rad io  source m ay in fact be a p lanetary  nebula. T he spectrum  we have for this object 
seems to  confirm their suspicion. T he spectra  for 0424 — 268 and 0955 -f 035 are also 
stellar. I t also seems th a t  the optical coun terpart to  2053-201, discussed above, has been 
m isidentified. It is unclear w hether these objects were originally m isidentified as the 
optical com ponents of radio  sources or w hether the  wrong objects have been observed 
erroneously a t the  telescope. They have been re ta ined  in  the  sam ple pending fu rther 
observation.
3 .13  R e d sh if t  R e su lt s
A lthough m any of the galaxy spectra  show discernable features whose observed wave­
lengths can be m easured and ratioed  w ith their rest values to  pu t a rough estim ate  on 
the  redshift of the galaxy, this simple b u t crude approach obviously needs to  be surpassed 
if we are to  calculate rad ia l velocities to  the sort of accuracies needed for studying cos­
mological peculiar velocities. Cross-correlation techniques are able to  achieve the desired 
accuracy as well as being m uch m ore reliable th an  the eye for identifying weak features in 
the spectra . This Section describes the cross-correlation algorithm  and applies it to the 
radio galaxy spectra.
3 .13 .1  T H E  C R O S S - C O R R E L A T I O N  T E C H N I Q U E
P rio r to  the  cross correlation, a  subset of each spectrum  ranging from  4650A to 6100A was 
m apped to  1872 bins w ith coordinates linear in InA. This wavelength range includes m ost 
of the com m on spectral features and avoids the atm ospheric absorp tion  con tam inated  red
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m ore suspect. T his scale was such th a t a  relative velocity of ~  44km s_1 shifts a  feature 
by one bin. A  fu rth e r essential p a r t of the pre-processing stage prior to  cross-correlation 
was to  excise sharp  emission-line features in  the spec tra  which can give rise to  spurious 
velocity shifts.
T he ‘absorption-line on ly’ spectra  were next continuum  sub trac ted  by rem oving an 
eighth-order polynom ial-fit to  the  continuum  and apodizing w ith  a  cosine bell to  rem ove 
any discontinu ity  betw een the  beginning and end of the spectra . E xperim ents w ith  
continuum  division ra th e r th an  sub traction  were found to m ake negligible difference to 
the derived redshifts. Finally, the spec tra  were bandpass-filtered to  remove any residual 
cu rvatu re  th a t rem ains in  the continuum  a t low frequency as well as to  a tte n u a te  the 
highest sp a tia l frequency com ponents due to  noise.
C ross-correlation analysis is perform ed on absorption-line only sp ec tra  which have 
been linearly  binned in  In A such th a t a  uniform  linear shift in  bins gives a  m easure of 
velocity redshift. In term s of observed (A') and em itted  (A) w avelengths of a  given spectral 
fea tu re , th e  redshift is defined to  be
1 +  z =  A'/A (3.7)
and thus th e  velocity shift corresponding to  the shift in  bins betw een a given featu re  in 
the  observed object spectrum  and a  tem plate  spectrum  is
A z shift =  eAlnA -  1 (3.8)
It is now straightforw ard  to  com pute the absolute redshift of the object ra th e r th an  its 
shift re lative to  the tem plate . Denoting object and tem plate  w ith  the suffices ‘0 ’ and ‘T ’ 
respectively allows us to  w rite th a t
1 +  z0 — Aq/A0 =  (Ao/Aj)(A't )(A j/A 0) (3-9)
and
1 T  zx — A ^ /A y  (3.10)
D ividing these and carrying the denom inator over gives the following
(1 +  z)0 =  (1 +  2 )t (1  +  z )o->T (3.11)
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T he cross-correlations were perform ed using a modified version of D r. Philip  H ill’s 
SPICA  code. As p art of its  o u tp u t, this program  provides an error estim ate , 6 , in  the 
cross-correlation function (C C F) peak according to  the form ulae derived by Tonry & Davis 
(1979). Along w ith  <5, the C CF peak position, height and w idth  are also re tu rned . These 
are all useful param eters  for assessing the reliability of the com puted velocity shift.
A n exam ple cross-correlation function derived from  correlating two galaxy sp ec tra  is 
shown in Fig. 3.7
This has been norm alised so th a t a  perfect correlation would give a peak height equal to 
unity . T he C C F peak is quite unam biguous in this exam ple although th is is not always 
th e  case. A series of cross-correlations were perform ed w ith spec tra  consisting purely of 
random  noise. This test indicated  th a t no feature arising by chance has a  peak height 
exceeding 0.2.
3.13.1.1 Internal errors in  cross-correlation redshifts
A thorough description of the m any sources of error which can arise in slit spectroscopy 
has been given by P arker et al. (1986). A fundam ental lim it on the accuracy of the 
derived redshifts is set by the accuracy to which the sp ec tra  can be w avelength calibrated . 
T he gaussian fitting  to  arc lines in the wavelength range from abou t 4500A to 6000A is 
sufficiently precise th a t  any induced velocity errors should be no m ore th an  3 0 k m s_1. 
R epeated  m easures of the 0 1  and N al sky lines a t 5577A and 589lA  lend support to  this 
claim.
Tonry & Davis (1979) describe how to evaluate in te rn a l errors arising from  inaccura­
cies in  the C CF peak position. The error is estim ated  according to
N
E  = --------r  (3.12)
8 B ( l  + r) v 1
where N  =  2048, the num ber of bins in the C C F, and B  is the half-m axim um  po in t in
the C CF. T he la tte r  can be expressed simply in term s of the FW HM  of the C C F peak,W
ln2
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b in  n u m b e r
Fig. 3.7: Typical cross-correlation function of radio galaxy spectrum with template
spectrum. The peak has been normalised to unity for an autocorrelation.
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T he rem aining param eter, r, describes the  significance of the  peak which is g reater the 
m ore sym m etry  it has. This is expressed as
r  =  h / a 02^  (3.14)
w here h is th e  peak height (norm alised to  un ity  for an  au toco rre la tion ) and <7o is the rm s
of th e  an tisym m etric  com ponent of the CCF. Com bining these, gives as a  final expression
for the  error
E  =  0 .283W /(1 +  r )  (3.15)
A m ore robust estim ate of the redshift errors is given by the dispersion in  values 
ob tained  from  cross correlating the object spectrum  w ith  a variety  of tem plate  spectra. 
W hereas the  Tonry & Davis error estim ate depends solely on the characteristics of the CCF 
peak, th e  ac tu a l position  of th e  peak can be governed by a  num ber of ex ternal sources 
such as w avelength calibration  errors, incorrect guiding on the  slit and m orphological 
m is-m atches betw een the  object and tem plate  galaxies. As the  next Section indicates, 
the  errors derived in this m anner are often a  fac to r of two or th ree  tim es larger th an  the 
Tonry & Davis error estim ates.
3 .13 .2  R ESUL TS
Two of the rad io  galaxies observed at UH88, 0039 +  211 & 0803 — 008, have subsequently 
had published spectroscopic redshifts (Owen, W hite  & T hronson 1988). Since our spectra  
for these objects are a t a reasonably high level of S /N , they  offer them selves as candi­
dates for tem plates for the cross-correlations. In addition , Q uentin  P arker (R O E ) kindly 
donated  3 of his fully-reduced radial-velocity ‘s ta n d a rd ’ sp ec tra  which he has successfully 
used as tem plates in  the past (Parker et al. 1986). A full list of all the tem plates is given 
overleaf.
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Table 3.5: G alaxy and Stellar Tem plates




0039 +  211 
0803 -  008
+20.5 ±  1 
+ 2 1 .9 + 1  
10762+  32 
30489 ±  60 
26741 ±  60
Ref.
Fehrenbacli & Duflot 1981 
Evans, Menzies & Stoy 1959 
W est & B arbier 1982 
Owen, W hite & Thronson 1988 
Owen, W hite & Thronson 1988
These tem plates were used in itially  to  estim ate redshifts for a few of the radio galaxies 
w ith  very strong  absorption-line features which gave a  sharp  C CF peak and hence an 
accura te  redshift. This increased the num ber of tem plates for then  try ing  to  ex trac t a 
redshift from  the  poorer S /N  spectra. I t is im p o rtan t to  include a  few radio galaxy spec tra  
as tem plates since one is then  cross-correlating like objects and the  chances of any gross 
inaccuracies in the  derived redshifts arising purely from  m orphological m is-m atches is 
reduced. T he re liability  of the cross-correlation redshifts is discussed later.
3.13.2.1 The radio galaxy redshifts
A full list of resu lts for the redshifts and their error estim ates is given in Table 3.6
T he C C F redshift, Vccf, is a m ean velocity derived from cross-correlations w ith  several 
tem plate  galaxy spectra. T he quoted standard  deviation in this value has been carefully 
assessed from  all the cross-correlations perform ed for each galaxy. It has not been divided 
by the square roo t of the num ber of tem plates used, and thus assum es th a t the sca tte r 
represents real differences in tem plate spectral shapes. In addition  to this m ore robust 
error estim ate , the Tonry & Davis error resulting from an inherent im precision in the C CF 
peak position , o t d , has also been tabu lated . Noted th a t the la tte r  estim ates of the error 
are often m uch sm aller th an  the error derived from com paring results of cross-correlations 
w ith  several tem plates.
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T able 3 .6 : R e d s h i f t  r e s u lt s  fo r  t h e  a ll- s k y  sa m p le  m e m b e r s  o b s e r v e d  d u r in g  t h e  c o u r s e
o f th is  th e s is
IA U B vccf (Tv <ttd T e l e s c o p e texp comments
0 0 0 0 - 5 5 0 1 4 .0 9 6 8 3 150 112 AAT ( 1 ) 3
0 0 0 1 - 5 3 1 1 4 .5 9 8 0 3 120 87 AAT ( 1 ) 3
0 0 0 7 + 1 2 4 1 7 .S — — — U H 88 r 1 20
0 0 3 8 + O S 6 1 7 .5 — — — Uh 8 8  R l 20 n
0 0 3 9 + 2 1 1 1 6 .5 3 0 4 8 9 90 61 u h 8 8  R l 15
0 0 4 0 - 0 6 5 1 7 .0 — — 70 u h 8 8  R l 15 n
0 0 4 3 - 4 2 4 1 7 .0 2 2 9 0 4 3 0 0 225 AAT (1 ) 7
0 0 4 3 - 6 3 8 1 6 .0 2 2 2 1 5 4 2 0 120 A AT (2 )
0 0 5 7 - 1 8 0 1 8 .0 2 9 9 7 9 3 0 0 91 U H 88 R l 30 n
0 0 5 8 - 5 0 7 1 7 .0 1 8 4 0 7 2 7 0 104 AAT (1 ) 5
0 1 1 5 - 2 6 1 1 6 .7 1 5 5 2 9 40 120 AAT (2 )
0 1 1 6 - 1 9 0 1 8 .0 — — — U H 88 R l 30
0 1 1 6 + 3 1 0 1 4 .9 1 7 8 6 8 60 83 INT 22
0 1 2 1 + 4 2 9 1 6 .8 9 8 3 3 120 43 U H 88 R l 15
0 1 2 4 - 1 1 7 1 7 .5 3 7 0 5 4 180 43 U H 88 R l 15
0 1 2 8 + 0 0 2 1 6 .1 2 3 9 2 3 90 61 U H 88 R l 5
0 1 3 1 - 4 4 9 1 7 .5 2 7 0 1 1 180 2 4 0 AAT ( 2 )
0 1 3 7 - 1 7 7 1 8 .0 — — — U H 88 R l 7 7
0 1 4 4 - 5 5 2 1 7 .5 2 9 2 0 0 2 4 0 120 AAT (2 )
0 1 4 5 + 0 0 0 1 6 .5 2 7 5 5 1 2 1 0 52 U H 88 R l 15
0 1 5 7 + 4 0 5 1 7 .5 2 4 4 3 3 180 91 U H 88 R l 10
0 2 0 7 + 0 9 5 1 7 .0 2 6 4 7 2 120 52 u h 8 8  R l 15
0 2 0 8 - 0 6 7 1 5 .0 1 2 5 9 1 150 48 u h 8 8  R l 10
0 2 1 3 + 0 2 5 1 8 .0 4 3 4 1 0 2 4 0 43 U H 88 R l 30
0 2 1 3 - 1 3 2 1 7 .5 4 4 7 8 9 180 — u h 8 8  (2 ) emission lines
0 2 2 6 - 2 8 4 1 8 .0 6 2 7 7 7 2 1 0 — AAT (2 ) emission lines
0 2 4 5 - 0 4 4 1 7 .5 4 0 7 7 1 3 0 0 89 U H 88 R l 15 (*)
0 2 5 4 + 0 6 4 1 7 .5 3 9 7 2 3 2 1 0 52 u h 8 8  R l 20
0 3 0 1 - 1 2 3 1 7 .0 3 0 2 7 9 150 57 u h 8 8  R l 15
0 3 0 5 - 1 3 1 1 8 .5 — — — u h 8 8  r 3 50
0 3 0 5 - 2 2 6 1 8 .5 8 0 9 1 4 — — AAT (2 ) (*)
0 3 0 9 - 3 1 6 1 8 .5 7 6 6 8 7 150 — AAT ( 2 ) emission lines
0 3 1 2 - 4 0 0 1 6 .5 2 2 7 2 4 5 7 0 150 AAT (2 )
0 3 2 6 - 2 8 8 1 7 .5 3 2 9 1 7 150 — AAT (2 ) emission lines
0 3 2 6 - 4 6 1 1 6 .0 2 0 6 8 6 2 7 0 150 AAT (2 )
0 3 5 7 - 2 4 7 1 8 .5 3 0 7 5 9 6 0 0 120 AAT (2)
0 3 5 9 + 1 9 3 1 6 .8 1 6 2 7 9 60 69 U H 88 R l 15
0 4 0 2 + 1 7 9 1 8 .0 3 3 3 9 7 2 4 0 65 U H 88 R l 30
0 4 1 9 + 1 4 0 1 8 .0 1 9 2 7 8 180 87 u h 8 8  R l 30
0 4 2 0 - 2 6 3 1 8 .5 3 9 6 0 3 130 — AAT ( 2 ) emission lines
0 4 2 4 - 2 6 8 1 7 .0 8 0 9 6 0 0 — AAT ( 2 ) 4000A feature
0 4 4 2 - 2 8 2 1 8 .5 4 4 3 6 9 150 — AAT ( 2 ) emission lines
0 4 5 4 + 0 6 6 1 9 .0 — — — u h 8 8  r 3 60
0 4 5 6 - 3 0 1 1 8 .0 1 8 8 8 7 180 120 AAT ( 2 )
0 5 0 2 - 1 0 3 1 5 .4 1 1 8 1 2 150 70 u h 8 8  r 3 10
0 5 0 9 + 0 1 1 1 8 .0 3 6 5 7 4 3 0 0 70 u h 8 8  r 1 60 (?*)
0 5 1 7 - 5 6 2 1 7 .0 2 8 4 5 0 90 96 CTIO 1 0
0 5 2 1 - 3 2 8 1 8 .0 6 3 7 6 6 — — AAT ( 2 ) P
0 5 2 2 - 4 8 3 1 8 .5 5 7 1 7 0 180 — AAT ( 2 ) emission lines
0 5 3 0 + 0 4 0 1 9 .0 4 4 5 1 9 3 0 0 81 U H 88 r 3 4 5 (*)
0 5 3 3 - 1 2 0 1 7 .8 — — — u h 8 8  R l 2 0
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Table 3.6: cont
IA U B Vccf (Ty
0 5 3 3 - 1 2 0 17 .8 4 6 7 6 8 300
0 5 3 3 - 5 1 2 17 .5 3 3 0 9 7 300
0 5 3 4 - 4 9 7 18 .5 5 5 1 6 2 600
0 5 4 0 - 6 1 7 18 .0 2 8 7 5 0 90
0 5 4 0 - 6 2 8 17 .5 2 5 3 9 2 90
0 5 4 5 - 1 9 9 16 .5 1 6549 150
0 5 4 5 - 1 9 9 16 .5 16459 180
0 6 0 0 - 1 3 1 18 .0 4 4 4 8 9 300
0 6 0 2 - 6 4 7 1 7 .0 13461 90
0 6 0 5 - 4 9 4 1 5 .5 1 5559 120
0 6 1 1 + 5 1 9 1 6 .5 1 4990 90
0 6 1 1 - 2 5 4 1 8 .0 — —
0 6 1 1 - 2 5 4 18 .0 5 2 9 7 3 —
0 6 1 6 - 4 8 7 15 .0 1 3940 210
0 6 2 5 - 5 4 5 16 .0 1 5559 150
0 6 3 5 + 4 8 7 1 8 .0 2 7 1 9 1 90
0 6 3 9 + 4 2 2 1 8 .0 2 7 0 1 1 30
0 6 4 1 - 5 8 4 17 .5 1 6818 240
0 6 4 2 - 4 3 6 15 .5 1 8 2 2 7 90
0 6 4 9 + 4 8 5 1 8 .7 5 0 4 5 5 150
0 6 4 9 - 5 5 7 15 .0 14750 180
0 6 5 1 - 6 0 3 1 8 .0 4 0 1 7 2 300
0 6 5 2 + 4 2 6 1 5 .5 1 6 6 6 8 90
0 6 5 7 + 6 8 7 1 6 .9 3 2 4 9 8 180
0 7 0 5 - 5 0 2 1 8 .5 1 1 9 6 1 7 180
0 7 1 9 + 6 7 0 17 .8 2 5 5 1 2 270
0 7 3 2 + 1 8 2 18 .0 4 2 2 1 1 240
0 7 3 3 + 5 9 7 16 .5 1 1 7 8 2 300
0 7 4 9 + 4 6 0 16 .0 1 4990 300
0 8 0 3 - 0 0 8 1 5 .4 2 6 7 4 1 120
0 8 1 0 + 6 6 5 18 .7 4 3 2 0 0 120
0 8 1 1 + 1 3 1 18 .0 4 2 8 7 0 300
0 8 1 6 - 7 0 5 16 .0 1 1392 120
0 8 2 0 - 0 4 7 18 .0 —
0 8 2 0 - 0 4 7 18 .0 3 6 7 2 5 600
0 8 3 7 + 6 1 3 1 8 .6 3 9 2 1 2 300
0 8 4 9 + 5 4 8 1 8 .6 3 3 3 6 7 180
0 8 4 5 + 0 6 1 1 8 .2 3 7 1 7 4 240
0 8 5 0 - 0 3 4 18 .0 4 1 6 7 1 300
0 8 5 0 + 5 8 1 18 .0 — —
0 8 5 1 + 0 7 1 18 .5 4 4 9 6 9 600
0 8 5 4 - 0 3 4 18 .0 — —
0 8 5 4 - 0 3 4 1 8 .0 5 1 7 1 4 —
0 9 4 4 + 6 2 4 1 8 .2 3 8 3 1 3 270
0 9 5 2 - 3 0 6 1 7 .5 4 3 4 7 0 210
0 9 5 5 + 0 3 5 12 .0 150 180
0 9 5 8 - 3 1 4 1 2 .7 2 8 1 8 180
1 0 0 0 - 0 4 3 1 7 .5 1 8 9 4 7 150
1 0 0 4 + 1 4 6 1 3 .5 8 8 1 4 150
1 0 1 9 + 0 8 3 1 7 .0 3 0 7 8 9 240
1 0 2 4 - 0 7 0 18 .5 4 8 5 6 6 210
T e l e s c o p e  e x p . c o m m e n ts
CTIO 10





unSS R l  15
UI-I88 R l  30 (*)
CTIO 10
CTIO 10
U H 88 R l  10
CTIO 10







W HT 17 e m is s io n  l in e s
CTIO 10
CTIO 10
u h 8 8  R l  10
u h 8 8  R l  15
a  a t  ( 2 )  e m is s io n  l in e s
W HT 10
u h 8 8  R l  20
W HT 10 emission lines
W HT 10 emission lines
U H 88 R l  10
WHT 10
U H 88 R l  20
CTIO 10
U II88  R l  40
a  a t  (2) 4000A feature
WHT 10
WHT 17
u h 8 8  R l  40
U H 88 R l  50
w h t  17 QSO z ~  1.37 !!
W HT 17 4000A feature
U H 88 R l  30
a a t  ( 2 )  (* )
W HT 17
CTIO 10
a a t  ( 2 )  s t a r
AAT (2 )
U H 88 R l  15
Uh 8 8  R l  3
u h 8 8  R l  15
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Table 3.6: cont
IAU B vccf <7V
1036+058 18.0 36874 300
1118+000 17.0 29739 180
1127+012 17.8 39633 240
1 1 3 0 -0 3 7 15.3 15469 90
1137+123 16.5 24223 120
11 3 9 -0 7 8 17.0 19516 210
1 1 4 8-353 18.0 37804 90
1151+099 16.5 30459 210
1 2 0 1-041 18.0 31778 300
1 2 1 1 -4 1 7 17.5 20566 400
1215+039 17.0 23534 300
1 2 1 5 -4 5 7 18.0 158021 150
1 2 2 1 -4 2 3 17.0 51354 300
1227+119 16.0 24613 210
1233+168 17.5 20776 180
12 5 4 -2 8 6 17.5 40232 400
1 3 0 1 -0 8 6 16.5 30249 270
1312+089 17.5 27101 219
1313+073 15.5 15499 300
13 1 7 -4 0 7 17.0 14930 180
14 0 6 -2 3 0 17.5 25692 300
1407+177 15.5 5066 240
14 0 7 -4 2 5 15.5 15259 240
1411+094 18.3 47667 300
1 4 1 4 -2 1 2 18.0 — —
1 4 2 3 -1 7 7 18.0 32078 300
1426+030 18.5 — —
1427+074 18.0 15859 210
1 4 4 3 -0 8 5 16.0 21825 300
1 4 4 9 -1 2 9 18.0 — —
1 4 5 2 -0 5 4 17.0 — —
14 5 2 -0 5 4 17.0 11182 180
1453+166 17.5 — —
1 5 1 7-283 17.5 36725 300
15 2 0 -3 2 9 18.0 22335 700
1538+082 16.5 37924 210
1549+202 15.0 — —
1 5 5 3 -3 2 8 17.5 19666 180
1557+708 14.0 7735 90
1601+173 17.5 10613 270
1603+001 16.5 18317 210
1 6 1 6-029 16.6 20536 240
1 6 1 7 -2 3 5 16.5 — —
1 6 2 5 -7 5 0 18.0 — —
1637+820 14.0 7345 210
1643+022 17.0 450 120
16 5 4 -1 3 7 18.0 — —
1706+094 15.7 11452 210
1707+340 17.2 24133 180
1719+242 17.5 : 26532 600
1733+710 16.0 17808 150
T e l e s c o p e  e x p . c o m m e n ts
u h S S  r 1 4 5  (* )
u h 8 8  R l  25
u h 8 8  R l  20
u h 8 8  R l  10
u h 8 8  R l  15
u h 8 8  R l  20
a  a t  ( 2 )  e m is s io n  l in e s
U H 88 R l  15
U H 88 r 2 2 0  (* )
AAT ( 2 )
u h 8 8  r 2 15
AAT ( 2 )  e m is s io n  l in e s
AAT ( 2 )  e m is s io n  l in e s
U H 88 R l  15
u h 8 8  r 2 30
AAT ( 2 )
AAT ( 2 )
U H 88 r 2  25  (* )
U H 88  r 2  5
AAT ( 2 )
AAT ( 2 )  e m is s io n  l in e s
U H 88 r 2 5
AAT ( 1 )  7  (* )
U H 88 r 3 4 5  (* )
AAT ( 1 )  17
U H 88 r 2 30
U H 88 r 3 50
U H 88  r 2  10
U H 8 8  r 2 10
U H 88  r 2 30
U H 88  r 2  15
AAT ( 2 )  e m is s io n  l in e s
U H 88 r 2  25
a a t  ( 1 )  10 ( * )
AAT ( 1 )  14  (* )
u h 8 8  r 2 20
IN T  90
AAT ( 1 )  16
INT 14
u h 8 8  r 2  5
U H 88  r 2 15
U H 88 r 2 10
AAT ( 1 )  6 ( ? )
AAT ( 1 )  15
IN T 15
U H 88 r 2 15 m a g n i t u d e  w r o n g
U H 88 r 2  30
u h 8 8  r 2  10
IN T 28
IN T 4 0  (* )
IN T 30














































1 8 3 3-772 15.0
1839-486 17.5
1 8 4 7-796 17.0
1 9 2 1 -5 7 7 16.0
1 9 2 2-430 18.0
1950+671 18.4
2 0 0 5 -4 8 9 16.5
2049+175 18.0
2 0 5 3 -2 0 1 17.8
2 0 5 4 -5 8 1 16.0
2 0 5 6 -3 6 9 18.0
2 1 0 1 -7 1 5 16.5
2 1 1 7 -2 6 9 18.0
2123+007 17.5
2 1 3 4 -2 8 1 16.0
2 1 4 8 -5 5 5 16.0
2 1 4 6 -0 1 6 18.0
2 1 4 8 -4 2 7 16.3
2 1 5 6 -5 6 4 16.0




2 2 2 9 -0 8 6 15.5
2235+408 17.0
2 2 3 6 -1 7 6 16.0
2 2 5 3 -4 6 5 17.5
2 3 0 9 -4 1 6 17.0
2 3 1 6 -4 2 3 16.0
2 3 1 7 -2 7 7 17.5
2320+203 14.5
2320+417 18.0
2 3 2 7 -2 1 5 18.0
2 3 3 8 -0 0 1 17.2
2 3 5 3 -1 8 4 15.5






































T e l e s c o p e  e x p .
u h 8 8  r 2 10
u h 8 8  r 2 6
i n t  30
AAT ( 1 )  4
AAT ( 1 )  4
INT 35
AAT ( 1 )  2
AAT ( 1 )  7
AAT ( 1 )  10
AAT ( 1 )  15
AAT ( 1 )  10
INT 30
AAT ( 1 )  2
u h 8 8  r 2 30
u h 8 8  r 1 15
AAT ( 1 )  5
AAT (1 )  12
AAT ( 1 )  10
AAT ( 1 )  13
U H 88 R l  15
AAT ( 1 )  10
AAT ( 1 )  3
INT 115
AAT ( 1 )  3
AAT ( 1 )  3
AAT ( 1 )  15
u h 8 8  r 2 5
U H 88 r 2 3
U H 88 R l  20
U H 88 R l  10
U H 88 R l  15
u h 8 8  r 2  10
AAT ( 1 )  10
AAT ( 1 )  10
AAT ( 1 ) 7
AAT ( 1 )  15
u h 8 8  R l  5
u h 8 8  R l  15
AAT ( 1 )  15
u h 8 8  R l  20
INT 40
c o m m e n ts
(*)




4 0 0 0 À  ;b r e a k ’ f e a t u r e
(*) 
(*)
(*) treat redshift with caution. Only reproducible with a few templates but seem reasonable either 
on the basis of its magnitude or else associating very weak absorption features in the spectrum  with 
Mgb or NaD.
(?) spectrum is rather:odd. Foreground contaminating object perhaps.
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T he ra te  of success for producing a  consistent redshift v ia the  cross-correlation tech­
nique is good. T he m ain  failures were usually for galaxies w ith  very weak S /N . Cross­
correlation has been able to  produce redsliifts for m any of the sp ec tra  w hich appear to  the 
eye to  be com pletely featureless. A few of the galaxies in Table 3.6 have a  ten ta tiv e  red­
shift only in  the  sense th a t a sensible and consistent value em erged upon cross-correlation 
w ith  only a few of the  tem plate  spec tra  and varied wildly when others were used. These 
galaxies have been flagged w ith  an asterisk. A num ber of objects failed to  give an ab­
sorp tion  line redshift b u t the  present of a  few emission lines m eant th a t  a  fairly accurate 
redshift could still be m easured.
A lthough the  cross-correlation rou tine failed on only a  few occasions to  give a sensible 
redshift, the  rm s errors were often ra th e r large. On average these were abou t 150 km s - 1  
bu t worsened for th e  poorer S /N  objects. I t is im p o rtan t to  test w hether there are any 
system atics in th e  derived velocities. T he galaxy redshifts have effectively been zero- 
po in ted  to  the  system  of tem plates. We now discuss a  test to  check for this.
3 .13 .3  C o m p a r i s o n  w i t h  p u b l i s h e d  r e d s h i f t s
The H uchra (unpublished at tim e of w riting) and Fairall & Jones (1988) galaxy redshift 
catalogues contain  entries for every galaxy which has been observed spectroscopically and 
a rad ia l velocity m easured. They are invaluable source of reference not only for th is work 
b u t for o ther p ro jec ts also. These catalogues were acquired in m achine-readable form 
and scanned for ob jects which coincided, to  w ith in  the optical position error bars, w ith 
our rad io  galaxies. Fourteen such candidates were found. These are listed  in Table 3.7 
together w ith  their positions, heliocentric redshifts and redshift errors.
The catalogue objects selected for 0043 -  424 and 0816 -  705 stand  out as probable 
m is-identifications. For 0816 -  705 this is not unreasonable since a glance a t the finding 
chart of the  rad io  galaxy alerts one to  the fact th a t  this galaxy resides in a  rich field w ith 
m any nearby neighbours. However, 0043 -  424 is a  b it m ore of a puzzle. T here are no 
nearby neighbours to  this radio galaxy m aking m is-identification a less likely explanation. 
The C C F redshift is secure, to  w ithin 300km s- 1 , from cross-correlation w ith  several 
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rad io  galaxy  a t its  C C F  redshift. I t m ay m ean then th a t the catalogue en try  for the object 
th a t coincides w ith  0043 — 424 is erroneous.
U nfortunately , only eight of the catalogue entries which duplicate th e  rad io  galaxies 
have a  redshift error. Like the  photom etry , these num bers are ra th e r too  few to  pu t 
beyond doub t the  issue as to  w hether there are any system atics in  the d a ta . However, 
the  resu lts do a t least seem to  be encouraging. Given th a t it is a  ra tio  or p roduct of 
( 1  +  z ) ’s ra th e r  th a n  z itse lf th a t  is used for the C C F redshift estim ate, Fig. 3.8 plots the 
logarithm ic residuals of ( 1  +  z)  against C C F redshift.
T he filled in  po in ts are the m ost im p o rtan t ones from the po int of view of a  s ta tis tica l 
analysis since b o th  m easurem ents have an estim ate of the redshift error. A ccording to 
Fig. 3.8, the po in ts are reasonably well scattered  about zero indicative of no system atics 
in  the  rad io  galaxy redshift d a ta . For the  8  galaxies w ith  redshift errors, th e  chi-squared 
s ta tis tic  tu rn s  ou t to  be y 2 ~  2. In sum m ary then the  radio galaxy redshifts com pare 
favourably  w ith  li te ra tu re  redshifts w ith no evidence for any system atic differences. M ore 
po in ts on Fig. 3.8 would have been desirable to  increase the confidence of this assertion.
3.14 Summary
A radio  galaxy redshift survey which had as its aim  to com plete the  redshift d a ta  for the 
all-sky sam ple has been undertaken. Some 250 redshifts have been m easured boosting 
the redshift com pleteness of the sam ple to  about 90%. The cross-correlation technique 
was found to  yield a  redshift for all except the  very weakest S /N  spectra. In m any cases 
the erro r bars were ra th e r large though, ranging from  1 0 0  km s - 1  through to  600 km s “ 1 
w ith  a m edian  value of abou t 150km s- 1 . C om paring m easured redshifts w ith lite ra tu re  
values for a  sm all num ber of galaxies suggests good agreem ent w ith no evidence for any 
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COIO
redsh ift z
ig . 3 .8 : Results of com parison betw een m easured redshifts and lite ra tu re  values given
the H uchra and Fairall catalogues. T he filled in points are for galaxies whose catalogue 
dshifts have a quoted  rm s error.
C h a p t e r  4
The Cluster Environment and Optical Prop­
erties of Low-Redshift Radio Galaxies
4.1 I n tr o d u c t io n
In C hap ter 2, some justification  was sought for restric ting  the rad io  galaxy sam ple selection 
down to  a fairly narrow  range in redshift, spanning only a  factor ten  in d istance. T he 
unqualified rem ark  was m ade th a t this would likely yield an  optically homogeneous  set 
of s ta tis tica l probes. Such a sam ple is desirable for cosmological studies since system atic 
biases are then  less likely. This C hapter is concerned m ainly w ith  an investigation of the 
optical p roperties of low-redshift radio galaxies and, in particu la r, derives their location 0 1 1  
the lum inosity-size plane. If the correlation between these two observables is sufficiently 
tigh t and  free from  subtle selection effects, then  it can be used as a d istance ind icator 
re la tion  for estim ating  the  relative photom etric distances for the  radio galaxies and hence 
their peculiar velocities.
A lthough the work presented in this C hapter should be viewed m ainly as a precursor 
to the  cosmological studies undertaken in the next two C hapters, it is clear th a t the 
all-sky sam ple database  can poten tially  offer m any new insights in to  the radio galaxy 
phenom enon. I have chosen here to  focus a tten tio n  onto testing  the pu rported  relations 
betw een the radio and optical properties of radio galaxies w ith their cluster environm ent.
T he layout of th is C hapter is as follows. Section 4.2 introduces B gr, the am plitude of 
the spatia l cross-correlation function, which is used to  quantify  the richness of environm ent 
for the radio galaxies. It is shown th a t, in the absence of a full set of galaxy counts for 
the southern  hem isphere, the Abell cluster catalogue can be used to get a reasonable 
estim ate  of B gr. A lthough good quality  radio m aps are scarce for the all-sky sam ple 
m em bers, it is still possible to differentiate betw een the FR.I and FR II classes roughly
81
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on th e  basis of rad io  lum inosity. This is done in  Section 4.3 and th e  resu lts of a  test 
for correlations betw een F R  class and B gr are presented. T here has been some evidence 
in the p ast to  suggest th a t  the in term ediate power radio sources prefer m arkedly richer 
environm ents th an  their high- and low- power coun terparts. Section 4.4 considers the 
op tical properties of low-redshift radio galaxies -  this is a far m ore relevant question as 
far as the  rem aining few C hapters in  this thesis are concerned. In p articu la r, we wish to 
establish  the  location  of low-redshift radio galaxies on the lum inosity-size plane. T his has 
generally been discussed in the past in term s of an M  — a  re la tion , bu t for th e  present 
applications it  is m ore convenient to  re-cast this re lation  in  term s of an  in trinsic  surface 
brightness - effective size (¿¿e — re) relation. O ptical profile fits are presented and used 
to  derive an  em pirical set of s tructu ra l param eters for each galaxy. T he im plications 
of a  lum inosity-size relation  for radio galaxies are discussed in Section 4.5. In Section
4.6 th e  colour-m agnitude diagram  is derived. Section 4.7 examines w hether there is any 
evidence for correlations betw een the optical properties of radio galaxies w ith  their cluster 
environm ent. Finally, a  short sum m ary is presented in  Section 4.8.
4 .2  T h e  C lu s te r  E n v ir o n m e n t  o f  R ad io  G a la x ies
T he am plitude of the  spatial cross-correlation function B gg is well-known in the context 
of m easuring the  local cluster environm ent of radio galaxies (Longair & Seldner 1979; 
P restage & Peacock 1988) and quasars (Yee, & Green 1987). In order to m easure this 
param eter effectively, a full set of galaxy counts is ususally required. Such a catalogue 
exists for the n o rthern  declination zone bounded by 6 = —23°. This is the Lick Galaxy 
C atalogue com piled by Shane & W irtanen from painstak ing  eyeball-scans of photographic 
p lates and published in 1967 (Shane & W irtanen  1967). T here is, a t p resent, no corre­
sponding set of counts for the  southern hem isphere. T he m ain purpose of this Section is 
to  explain how to im plem ent the Abell C luster C atalogue (Abell, Corwin & Olowin 1989) 
for estim ating  B gg and to  show th a t these estim ates are reasonable.
4 .2 .1  T H E  C L U S T E R  PA R A M E T E R  B gg
The correlation function f ( r )  is undoubtedly the m ost ubiquitous tool for studying  clus­
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tering of galaxies. According to  definition
n ( r ) d V  = p[l  + £ (r ) \ dV  (4.1)
where n ( r )  is the  num ber of galaxies in a  volum e elem ent d V  a t d istance r from  the radio 
source and p  is the  m ean num ber density of galaxies. Taking £ (r) to  have power-law form 
w ith an  index of —1.77 (G ro th  & Peebles 1977) gives
hi y 1-77 ,
. M p c J  ( 4 ' 2 )
where th e  am plitude B gr is directly re la ted  to  the  num ber of excess galaxies around  the 
source. P restage & Peacock (1988; hereafter P P ) have shown th a t  the exact choice of 
power-law index is u n im portan t providing it  is close to  2  for all sources. Instead  of a 
spatia l correlation function one usually m easures an  angular correlation function defined 
as
(  o \ - ° - 77
w z(9) = Agr(z)  (4-3)
where
Agr(z) =  H ( z ) B gr (4.4)
A gr can be m easured directly from the source positions and galaxy catalogue and H ( z ) 
is a conversion function which allows for the effect of different m agnitude lim its on the 
observability of clustering a t different redshifts (Longair & Seldner 1979; hereafter LS).
In practice, the  way to  com pute Agr is by noting  th a t the 2-d analogue of equation
(41) is sim ply
N(0)dSl  =  N g[l +  w(9)]d£l (4.5)
where N ( 0 ) d f l  is the  num ber of galaxies in solid angle d£l a t angular distance 9 from the 
radio source and  N g is the average surface density  of galaxies. T hen from  equations (4.4) 
and (4.5)
J  N(9)dD. = j  Ngd£l + NgAgr J  fl-ti-77- 1) ^  (4.6)
which, following P P , we choose to w rite as
IVobs — -^bc +  N g A g rJ  (4-7)
where N 0f,a is the  num ber of galaxies observed to  lie w ith in  9 of the source position and Nbc 
is the expected num ber of background objects in  an  identical area. J  is an  in tegral of the
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correlation  function over th is area, i.e. J  -  J  dQ.. T here are N t =  ( N ohs -  N bc)
objects physically associated w ith the radio galaxy and thus
^  = 0  <4S> 
Clearly A gr can be sim ply regarded as a  m easure of the ra tio  of the  surface num ber density  
of galaxies associated w ith  the source to  the field num ber density, w ith  the in teg ra l J  
accounting for the  effects of the  area used to  count galaxies and  the rad ia l profile of the 
nearby  galaxy d istribu tion .
T he conversion function H ( z )  is w ritten  as
I  (  D  x 3 _ 1 ' 7 7
(¡>{.m\\m , z )  (4.9)
where I  is a  definite in tegra l and D  is the  comoving distance to  the source. 4>(m\\m , z )  
is th e  in teg ra l num ber of galaxies per un it volum e which a t redshift 2  are observed to be 
brigh ter th an  th e  apparen t m agnitude lim it of the  galaxy count survey: for the  Lick counts 
m iim ~  18.7. Also absorbed in to  H [z )  are the H ubble constan t, density  param eter, galaxy 
Til-correction and the  characteristic m agnitude, slope and norm alisation  of the lum inosity  
function for galaxies. T he choice of these param eters is lim ited  however by observations 
of galaxy num ber-m agnitude relations (e.g. Shanks 1984 et a l ) .  In any case P P  have 
shown th a t  varying the  param eters changes H ( z )  by generally less th an  2 0 %, increasing 
som ew hat a t low and high values of 2 . For these calculations an  identical set of param eter 
values to  those chosen by PP  are adopted. N ote th a t they  use h — 0.5 whereas LS work 
w ith  h = l .
4 .2 .2  RESU LTS
Firstly , the Lick catalogue was used to derive A gr for the sources n o rth  of -2 3 ° . T he Lick 
counts of galaxies (Shane & W irtanen  1967) are binned num ber counts and the counts 
from all bins w ith  centres lying w ithin 1 Mpc of the source position were included in a 
sum m ation  to  find A 0 bs- The choice of a 1 M pc ra th e r th an  a  1 ° counting radius (used by 
LS) is preferable for the fairly obvious reasons cited by PP. Similarly, N g can be estim ated
from the  m ean count w ithin all bins between 3° -  5° away from  the source. N ote th a t
o'-e. ‘.Mit v<<r̂  G lUc. 'VU a .
The Cluster Environm ent o f  Radio G alaxies 85
of the background annulus nor its distance from the source position . T he in tegra l J  is 
perform ed num erically  over an identical area to  th a t used for N 0bs. E rrors 0 1 1  A gr were 
also com puted in  an identical m anner to  th a t described by P P , essentially  by ju s t placing 
down search apertu res a t random  locations in the catalogue and calculating  the sca tte r 
in A gr .
Now consider the radio  galaxies occupying the region south  of S — —23° which is 
not covered by th e  Lick counts. As indicated  earlier, the  Abell C luster C atalogue can be 
used to  derive a reasonable estim ate of B gr for these radio galaxies. T his can be seen as 
follows. F irstly , recall th a t  B gr measures a lum inosity  overdensity  or num ber excess of 
galaxies a t a  given location. For an observed excess A N  of galaxies around a  source, the 
correlation function m ay be in tegra ted  over a cone defined by the  2 -d d a ta
A N  = J  dQ.ct>{mVm,z)Ol -~lD'i - ' l ( l  +  z y ~ 3B I ^  (4.10)
For a fixed m etric d istance x = 0 D / (  1  +  z)  this reduces to
O7r
A N  = --------<\>Bxz~~<I 1 (4.11)
3 - 7
For a  power-law index of 1.77 and noting th a t the  search radius used by Abell to  count 
galaxies, based on the  d istance estim ated  from  the m agnitude of the ten th  brigh test cluster 
m em ber, is equal to  3M pc (h =  0.5) we obtain
A N  =  70 B gr<t> (4.12)
T he idea then  is to  com pute <f> and hence B gr using some inform ation abou t the criteria  
used by Abell to  assign galaxies to  clusters. To do this we will param eterise  (j> w ith  a 
Scliechter function of slope -1 .2 5 . Accordingly, the num ber of galaxies in the range of 
lum inosity  from  L  to  L  +  dL  is given by
r L + d L  t —1.25 r
N { L )  = (t>* J  J -  e - L / U d —  (4.13)
The stra tegy  employed by Abell in his original work (Abell 1958) was to  count galaxies 
th a t fell w ithin the m agnitude range from m 3  to ?n3  +  2 , where is the m agnitude of the 
th ird  brigh test cluster m em ber, and lay inside the pre-defined m etric search radius. He 
then defined six classes of cluster richness according to  population , the details of which 
are tab u la ted  below:
4.2 The Cluster Environm ent o f  Radio G alaxies 86









Knowing the  Abell m agnitude lim it and the excess num ber of galaxies for a given richness 
class it should be possible to  com pute a corresponding (L /L ,)n ,n by using the Abell 
criterion, w hich, in our previous no ta tion  is IV(ra3  +  2)/7V(m3) =  A N / 3 .  Schecliter 
functions corresponding to  the appropriate  lim iting m agnitudes have been p lo tted  in  Fig.
4.1, w here we have taken  (j>* =  2.2 X 10~3 M pc~3. If a  m ean num ber excess for each Abell 
cluster richness class is assum ed then a lim iting value of F /F *  can be read off from  the 
curves.
The expected num ber of galaxies down to these lim iting lum inosities can be com puted 
by in teg ra tin g  equation (4.14) between (F /F * ) /im —► oo. T he results are tab u la ted  below 
together w ith  the  estim ates of B gr which these values yield upon su b stitu tio n  in to  equation 
(4.13). T he values should be com pared w ith m ean estim ates of B gg derived by P P  for each 
of the Abell richness classes (NB these values were originally in error and accordingly have 
have been corrected upw ard by the num erical factor 2.537, P restage & Peacock 1989).
T a b le  4 .2 : B gg e s t im a te s  fo r  A b e ll  c lu s te r s
R A N (L/L*)iim Bgg- B gg- (PP)
0 40 0 . 2 2 191 289
1 60 0.30 410 690
2 105 0.37 852 984
T he agreem ent is reasonable given the uncertain ties in 4!>» and lim iting Lick m agni-
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L / L .
L / L ,
F ig . 4 .1 : T he top  diagram  shows Schechter functions corresponding to  N(m.j  +  2 ) and
N ( m )  which are used to  define the Abell criteria. For some assum ed m ean num ber excess 
for a p a rticu la r richness class, lim iting values of F / F ,  can be read  off from the b o ttom  
diagram .
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tude, in  add ition  to  th e  considerable differences betw een search radii th a t  have been used 
for each calculation. A crude average of these tab u la ted  results suggests th a t  the Abell 
B gr should be com puted from  the  cluster overdensity as roughly 9 A N .
T he procedure for calculating A gr for a  galaxy using the  Abell catalogue was the  fol­
lowing. F irstly , a  com oving separation  was com puted betw een each rad io  source and  all 
of the  Abell clusters. If spectroscopic redshifts were not available for the clusters then  a 
redshift was pred ic ted  from  an  em pirical cluster m agnitude-redshift re la tion  construc ted  
for the  ten th  b righ test c luster m em bers. If the source-cluster comoving separation  ex­
ceeded 10 M pc, the  cluster was skipped and the next one read. Beyond this d istance there 
is negligible power in  th e  angular cross-correlation function (w(0)  cx 9~°'77). If the  radio 
source was found to  sit in the centre of the cluster then the contribution  to  A gr from  th a t 
cluster is given sim ply by calculating 9 times the cluster num ber overdensity, according 
to  our earlier resu lt. O therw ise, a  two-dim ensional de-projection is required. T hus for a 
source located  a t (x,<fi) and a  source-cluster centroid separation  of 9 , assum ing circular 
sym m etry  the con tribu tion  from  the cluster to  A gr is given by the in tegral
A Y  1 9 Z-1 - 0  7 7
j^deproj. _ —gj_ — •—  j  j  [x 2 + 62 — 2 x 9 cos (j>)~ cos9d8dx  (4-14)
where the  upper lim it of 1° on the in tegral over x  corresponds to abou t 10 M pc a t a 
redshift of 2  =  0.1(h =  0.5). These values require two sm all corrections: (i) to  account for 
clusters th a t  are no t near to  the  source in redshift space, and (ii) to  elim inate contribu tions 
from background galaxies. T he first was achieved by rejecting clusters w ith  redshift zc 
relative to  the source redshift z s such th a t log l ^ l  > 0.5. T he reference annulus chosen 
for the background correction was enclosed by arcs a t 2° and 7° from the source and the 
correction term  com puted by solving a  sim ilar in tegral to  th a t given by equation  4.14. 
The m ost ap p ropria te  Abell estim ate of A gr to  com pare w ith  the Lick values however 
should only have had the  background correction made.
In order to  assess how reasonable the Abell estim ates of A gr really are, the recently  
published N orthern  Abell C luster Catalogue (Abell, Corwin & Olowin 1989) was em ployed 
to  estim ate  A gr for the radio galaxies north  of 6 =  -2 3 °  for which a Lick es tim ate  had 
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A g r ( L i c k )
h g . 4 .2 : A  com parison betw een estim ates of A gr for the  radio  galaxies n o rth  of
=  —23° using the  Lick galaxy counts and the Abell cluster catalogue.
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Clearly, the  Abell estim ates are not too bad given the crudity  of the approxim ations th a t 
have been m ade. C ertainly, they  are a t least good enough to  include the  sou thern  radio 
sources in  s ta tis tica l tests for correlations between cluster environm ent w ith  properties of 
the radio  galaxies. T he line of points around zero along the Abell A gr axis corresponds 
to  rad io  galaxies for which there are no nearby clusters, according to A bell’s definition of 
a  cluster.
4 .3  B gr v s . R a d io  L u m in o s ity
T he Fanaroff-Riley classification scheme for radio galaxies was defined in  C h ap ter 1. We 
rem ind ourselves here th a t  low lum inosity radio sources are generally found to  be of 
F R I ty p e  w hereas the  high-lum inosity sources are typically FRIIs. T he claim  th a t  FR I 
radio galaxies seem to prefer a m ore richer environm ent th an  their F R II coun terparts  was 
in itially  m ade by LS. A lthough confirmed la te r by PP , the effect was found to  be a  lot 
less strik ing th a n  originally thought.
Lack of good rad io  m aps for most of the all-sky sam ple sources m eant th a t  only an 
indirect and rough m orphological classification is possible on the basis of their radio  lum i­
nosities. A ccording to  LS, the division between FRIs and FRIIs is a t a radio lum inosity  
roughly equal to  P 2 . 7  ~  1 0 2 4  W H z_ 1 s r_1. Taking a representative value of 0 . 8  for the 
spectral index, 2.7 GHz radio lum inosities were calculated for each of the all-sky sam ple 
m em bers and these are shown p lo tted  against their values of B gr in Fig. 4.3.
T here is clearly no obvious fall in B gr tow ards higher lum inosity and the general im pression 
is sim ilar to  the  one found by P P  -  namely, th a t individual objects either side of the  F R  
division show sim ilar extrem es in B gr and th a t there is a large sca tte r (g reater th an  the 
m easurem ent error) in B gr a t all lum inosities. T he m ean values of B gr for the  radio 
galaxies either side of P 0 .7  = 102 4 W H z- 1 s r - 1  are shown in Table 4.3 together w ith  m ean 
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O
2 2  2 4  2 6
l ° g 10P 2 7 WHz_1s r _1
F ig . 4 .3 : 2 . 7  GHz rad io  lum inosity  p lo tted  against B gr for the all-sky sam ple. T he tra n ­
sition po in t betw een F R I and FR II radio  sources is roughly a t log io i5 =  2 4 W H z " 1s r " 1.
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T a b le  4 .3 : A v e ra g e  V a lu e s  o f  B
N (Bgg) a
all sam ple 333 168 2 0
I°gl0-P2.7 <  24 169 1 1 1 28
logioA .7 >  24 164 108 28
Abell R  =  0 1 1 289 29
Abell R  = 1 15 690 60
Abell R  =  2 13 984 1 2 0
If radio  lum inosity  can be taken  as a  reliable indicator of m orphological type then  there 
is no evidence in  the all-sky sam ple for F R I’s to  locate richer environm ents th an  FR IIs. 
Our resu lts do show however th a t radio galaxies prefer richer environm ents th an  norm al 
elliptical galaxies, for which {B ge) ~  6 8  (Davis & Geller 1976). On average, the radio 
galaxies in h ab it regions of the universe alm ost as overdense as R  =  0 Abell clusters.
We shall re tu rn  briefly to  this issue in the next C hapter, where it is shown th a t the
3-d correlation  s tren g th  for radio  galaxies shows no system atic trends w ith  their radio  
lum inosity. T his fits in  w ith  the results obtained here.
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4.4 Radio Galaxy Surface Photometry
O ptical studies of large sam ples of radio galaxies are som ething of a  ra rity  in  the  a s tro ­
nom ical l ite ra tu re . Im p o rtan t in  the context of this work is the  study  by Lilly & Longair 
(1984) of a  subsam ple of 3C R  radio galaxies. They present a  rem arkably  tig h t ( I{  — z) 
Hubble d iagram  for these objects which has an rm s sca tte r of abou t 0.45 m agnitudes only, 
rendering rad io  galaxies as excellent s tandard  candles. T he m ain goal of this Section is 
to  dem onstra te  th a t  w ith  a  little  ex tra  work one can establish an  im proved d istance ind i­
cato r re la tion  for radio galaxies. This is ju s t the in trinsic surface brigh tness (fie) versus 
effective size ( r e) re la tion  which is well-known for norm al ellipticals (K orm endy 1977). Al­
though sim ple, it tu rns out th a t this lum inosity indicator fares alm ost as well in term s of 
percentage distance accuracy w ith  the more s tandard  distance ind icato r re la tions for ellip­
tical galaxies which incorporate  correlations between photom etric variables w ith in terna l 
velocity dispersion.
4 .4 .1  T H E  ( M 7 , a )  D IA GRAM
Previous studies of the  location of radio galaxies on the lum inosity-size plane have concen­
tra te d  on the  M 1 - a  re la tion  (Lilly, M clean & Longair 1984; Lilly & P restage 1987). Gunn 
& Oke (1975) defined a  to  be a  dimensionless param eter which m easures the  logarithm ic 
slope of the grow th curve of enclosed galactic flux density at a  fiducial m etric sam pling 
radius (7 ), w hich they  chose to  be 19.2kpc (for h =  0.5). If L(r)  is the lum inosity  enclosed 






For the all-sky sam ple, which fills the redshift shell from 0 . 0 1  < 2  <  0 .1 , 7  ranges from 
between 8 " up to  1 arcm inute. In practice this m eans th a t 7  is not usually large enough 
to enclose all of the galactic halo light, although it probably falls well outside the radius 
of a typ ical seeing disk.
D espite our m ain in terest here, which is the ¡j,e — re re lation  for radio galaxies, de­
riving an  M 7  -  a  re lation  is also desirable for com parative purposes. As ind icated  above,
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m uch of the  early  CCD pho tom etry  for radio galaxies and brigh test cluster m em bers has 
concentrated  on th e  form  of the M 1 — a  relation. Since these two quantities are m easured 
directly  from  grow th curves, w ithout having to fit a model to  the surface brightness dis­
trib u tio n  of the  galaxies, they  are a  useful pair of param eters which o ther astronom ers 
can quickly com pare w ith  should they wish to  repeat our photom etry  a t a  la te r date.
In view of this, an M  — a  d iagram  was constructed for a subsam ple of the radio 
galaxies which had  good /-b a n d  CCD photom etry. This was done in the following way. 
F irstly , nearby  stars  and  galaxies were removed from  the vicinity of the  radio galaxy using 
the sym m etrisation  algorithm  described in the last C hapter. Radio galaxies w ith  m ultip le 
nuclei, defined loosely as secondary m axim a in the light profiles th a t  have an  in teg ra ted  
lum inosity  considerably less th an  th a t of the m ain body of the galaxy, also had their 
nuclei removed. T he justification  for this is partly  physical in th a t there is some doubt 
anyway as to  w hether these nuclei are actually  associated w ith the galaxy or else w hether 
they are sim ply chance superpositions (e.g. M errit 1984). On the practical side, m ultip le 
nuclei can add  sca tte r to  the M  — a  relation, the sign of which depends on w hether the 
secondary com ponent is enclosed or bisected by the 19.2fi_1 kpc sam pling radius. Given 
th a t only a sm all fraction  (<  8 %) of the sam ple appeared to  possess m ultip le nuclei it 
seemed reasonable to  remove these nuclei on the premise th a t doing so was not going to 
seriously bias our study.
A sky background was estim ated  for each fram e by stepping around its  periphery 
w ith a  box of dim ension 5" and finding the m edian pixel value. G row th curves were 
then com puted for the  radio  galaxies by sum m ing up sky-subtracted flux in apertu res of 
increasing radii. D igitisation  effects were allowed for in the sm aller apertu res by actually  
calculating the fractional area of pixels th a t were cut by the apertu re  arc. M 7  and a  were 
m easured by fitting  a th ird-order polynom ial to  the  grow th curves in the  vicinity  of 7 . 
T he chief source of error in these estim ates arise from uncertain ties in the background 
sky level. This was judged to  produce roughly 6-7% rm s errors in  a  and about 0.04m in 
M 7 . Finally, a sm all correction was m ade to  a  for the effects of atm ospheric seeing. The 
corrections were read off directly from the graph presented by Lilly, M clean & Longair 
(1984) which is the result of sim ulations th a t they perform ed on a  family of synthetic 
galaxy models. Corrections for airm ass, colour, galactic extinction and cosmology were
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m ade to  M 7  as discussed in the last C hapter. The final values for the param eters  have 
been listed  in  Table 4.4 and are shown p lo tted  in Fig. 4 .4 .
T here is an  obvious correlation between M 7  and a.  A discussion of the im plications of 
this are reserved till Section 4.5, un til after the — re relation has been exam ined.
4 .4 .2  T H E  He -  re R ELA TIO N
It is a sim ple m a tte r  to  verify th a t  the ( M ,  a)  param eters are re la ted  to  the m ore fam iliar 
de Vaucouleurs half-light radius re and effective surface brightness fie . From  the  Oke & 
G unn definition of a  we have
27rr2/ ( r )
L ( r )
(4.16)
in to  which any em pirical form for I ( r ) ,  such as deVaucouleurs r 1 / 4 law  (deVaucouleurs 
1948) can be su b stitu ted . One then  has an expression re lating a  to  re and  th is is shown 
in Fig. 4.5.
Also m arked is a  line showing the difference between ‘to ta l’ absolute m agnitude and 
absolute m agnitude derived from w ithin an apertu re of m etric size 7 .
C onverting betw een a  and il/ 7  to  deV aucouleur’s I e and re in this way assum es th a t 
the galaxies surface brightness profiles are exactly fit w ith a em pirical function of the form 
(deVaucouleurs 1948)
J ( r )  =  ie e x p [ -7 .7 6 { (r /re)1/4 -  1 }] (4.17)
In fact this is a  often a  ra th e r gross assum ption and for elliptical galaxies w ith  peaked 
central profiles or extended halos the simple r 1 / 4 law turns out to be ra th e r a poor fit. 
T he r 1 / 4 profile has 1 1 0  shape param eter and yet it is known th a t ellipticals have a  wide 
variety of profile shapes (e.g. Schom bert 1986). Thus one m ight expect an r 1 / 4 fit to 
deviate a t some level from the tru e  galaxian light profile. This begs the question -  do 
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a
F ig . 4 .4 : M  — a  d iagram  for a subsam ple of the radio galaxies w ith  adequate I  band 
CCD photom etry .
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T ab le  4 .4: T h e  p h o to m e tr ic  a n d  e n v ir o n m e n t p a r a m e te r s  d isc u sse d  in  th is  C h a p te r
IAU z O'; -R/,7 h i l'e B a r
0 0 0 0 -5 5 0 0.0323 0.22 —23.70 20.10 7.70 137
0 0 0 1-531 0.0327 0.00 —24.14 20.43 8.80 - 1 8
0 0 0 5-199 0.1175 0.62 -2 4 .2 2 21.96 20.80 4
0 0 0 7-325 0.0256 0.09 -2 3 .7 8 20.22 7.96 12
0 0 2 3-333 0.0515 0.60 -2 3 .6 9 22.60 29.60 188
0032+101 0.0570 0.53 -2 4 .1 8 19.94 5.96 105
0 0 3 4 -0 1 4 0.0730 0.36 -2 4 .1 5 18.02 2.40 146
0036+030 0.0140 0.23 -2 3 .7 0 20.47 6.58 181
00 3 8-210 0.0900 0.60 -2 4 .2 7 19.30 4.30 -3 0 5
0038+086 0.1290 0.38 -2 4 .4 7 18.70 3.96 -6 5 2
00 4 0-065 0.1228 0.37 -2 3 .7 0 -2 8 0
00 4 3 -4 2 4 0.0764 0.30 -2 3 .0 9 21.90 6.56 -1 5 1
00 4 3-638 0.0741 0.40 -2 3 .8 9 20.96 10.22
00 5 3-015 0.0385 0.45 -2 4 .1 9 21.61 16.02 792
00 5 3-016 0.0436 0.42 -2 3 .7 3 22.32 18.18 758
00 5 5-010 0.0444 0.41 -2 4 .4 4 21.69 14.98 286
0055+260 0.0479 0.36 -2 4 .9 2 23.33 50.76 206
0055+030 0.0174 0.43 -2 5 .0 0 21.11 15.58 - 3 1
00 5 8-508 0.0614 0.50 -2 3 .5 9 22.31 20.02 621
01 0 1-802 0.0567 0.00 -2 3 .2 4 19.49 3.66 —67
0104+320 0.0163 0.38 -2 5 .4 1 20.88 9.50 256
01 0 8-142 0.0517 0.46 -2 4 .8 5 19.52 7.00 - 7 2
0109+490 0.0662 0.37 -2 3 .9 0 18.82 3.04 -2 7 3
0110+152 0.0445 0.60 -2 4 .3 0 22.02 22.62 381
0111+021 0.0466 0.44 -2 3 .7 2 19.07 3.14 -1 2 2
0 1 1 5-261 0.0518 0.13 -2 2 .7 6 20.58 4.86
0116+310 0.0599 0.61 -2 4 .5 5 22.30 24.96 -7 .3
0121+429 0.0336 1.11 -2 4 .1 7 20.31 3.08 21
01 2 4 -1 1 7 0.1235 0.50 -2 3 .6 3 -3 2 6
0128+002 0.0789 0.71 -2 4 .6 4 19.60 6.38 - 4 8
0 1 3 1 -3 6 7 0.0295 0.25 -2 3 .7 8 21.14 13.96 229
0 1 3 1-449 0.0901 0.35 -2 2 .8 6 21.74 8.20
0 1 4 4-552 0.0974 0.19 -2 2 .1 2 21.17 13.60
0145+000 0.0925 0.46 -2 3 .8 9 - 1 1
0153+053 0.0186 0.38 -2 4 .7 3 20.33 10.46 79
0 1 5 5-212 0.1621 0.40 -2 4 .3 9 21.66 16.58 -7 4 3
0157+405 0.0818 0.60 -2 4 .3 1 19.08 3.84 - 6 4
0206+350 0.0374 0.50 -2 3 .8 6 22.55 21.70 - 6 4
0207+095 0.0884 0.57 -2 4 .3 0 20
0 2 0 8 -0 6 7 0.0420 0.47 -2 2 .7 0 18.72 2.74 258
0214-480 0.0640 0.49 -2 4 .2 2 21.48 18.44 1178
0217+017 0.0409 0.35 -2 4 .1 9 20.34 7.86 27
0219+427 0.0209 0.52 -2 4 .4 3 21.43 11.86 268
0229-208 0.0900 0.61 -2 4 .5 5 20.66 10.98 146
0238+085 0.0214 0.38 -2 3 .7 1 20.89 8.12 - 2 7
0 2 4 7-207 0.0870 0.63 -2 5 .1 4 19.45 7.68 270
0255+058 dum bell
0257-398 0.0676 0.16 -2 3 .9 2 19.69 5.38 -1 0 6
0300+162 0.0326 0.37 -2 2 .9 5 19.98 3.28 - 5 9
0301-123 0.1010 0.51 -2 4 .6 1 1149
0305+039 0.0288 0.39 -2 4 .7 0 20.67 12.18 75
0307-305 0.0675 0.30 -2 3 .4 4 21.11 8.96 -1 0 6
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Table 4.4: cont....
IAU z Ql hi re Bgr
0312-400 0.0758 0 . 2 2 -23.63
0314-440 0.0628 0.42 -24.22 21.75 22.58 1104
0316-444 0.0758 0.63 -24.39 22.52 41.00 1381
0319-454 0.0633 0.52 -23.85 22.54 28.62 815
0325+023 0.0302 0.52 -23.80 21.76 14.08 -2 8
0326-461 0.0690 0.37 -23.87
0332-391 0.0626 0.14 -23.78 20.63 8.54 906
0344-345 0.0538 0 . 2 1 -23.01 2 1 . 1 0 7.36 -5 8
0356+102 0.0306 0.34 -23.18 20.95 5.98 -1 3
0359+193 0.0543 0.48 -23.95 20.35 6 . 1 2 185
0402+179 0.1114 0.24 -22.93 19.16 2.50 -525
0404+035 0.0891 0 . 6 6 -22.35 -265
0419+140 0.0643 0.46 -22.60 21.64 6.82 -172
0427-539 0.0390 0.45 -24.15 21.38 18.18 208
0431-134 0.0364 0.44 -23.62 20.08 4.92 488
0434-225 0.0682 0.51 -24.37 21.63 2 2 . 2 2 106
0446-206 0.0724 0.44 -23.95 18.80 3.12 1 2 0 2
0449-175 0.0318 0.43 -24.20 20.33 7.72 64
0453-206 0.0343 0.54 -24.37 21.23 14.38 351
0456-301 0.0630 0 . 0 0 -21.61 20.89 4.80
0502-103 0.0405 0.29 -23.68 20.15 5.28 -3 2
0503-286 0.0381 0.08 -23.70 20.97 11.46 -2 5
0511-305 0.0583 0.31 -23.07 21.19 7.84 -7 2
0518-458 0.0358 0 . 0 0 -21.78 21.76 6 . 1 2 - 2 2
0521-365 0.0554 0 . 1 1 -23.47 19.35 3.54 -6 3
0523-327 0.0758 0.56 -24.28 20.65 4.32 -123
0546-329 0.0369 0.35 -24.19 20.96 14.00 -429
0545-199 0.0556 0.59 -24.01 18.87 3.14 116
0548-317 0.0326 0.16 -23.14 20.56 6.50 -460
0602-647 0.0449 0.07 -22.85 20.52 5.48 -3 8
0605-494 0.0519 0.39 -23.67 21.50 14.22 237
0616-487 0.0465 0.41 -23.86 21.46 15.70 -91
0618-371 0.0324 , 0.28 -23.23 21.05 9.90 344
0620-526 0.0511 0.49 -24.50 22.52 56.86 348
0625-354 0.0553 0.82 -24.32 2 1 . 1 1 14.34 818
0625-536 0.0539 0.59 -24.45 22.32 42.06 764
0641-584 0.0561 1.73 - 2 2 . 1 1 -6 5
0642-436 0.0608 0.48 -24.05 21.69 19.46 -8 0
0649-557 0.0492 0.49 -24.12 22.17 33.64 -550
0704+351 0.0789 0.65 -24.68 19.02 4.78 512
0755+370 0.0413 0.56 -24.79 20.25 10.06 2 0
0802+240 0.0601 0.35 -23.64 18.18 2 . 0 0 62
0803-008 0.0892 0 . 6 8 -25.37 20.53 16.14 114
0816-705 0.0380 0.42 -23.33 21.75 7.96 -2 5
0819+061 0.0815 0.48 -23.01 18.07 1.56 -3 7
0825+240 0.0833 0.40 -23.52 18.77 2.64 456
0828+320 0.0513 0.37 -23.71 19.17 3.32 -8 5
0836+290 0.064 0.45 -24.21 2 1 . 2 0 1 2 . 8 8 -2 8
0838+325 0.0697 0.52 -24.63 20.18 9.90 314
0844+310 0.0675 0.50 -25.02 2 0 . 0 1 10.04 287
0915-118 0.0548 0.55 -24.15 23.36 78.60 114
0921-213 0.0519 0.03 -22.65 20.43 4.98 -8 3
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0945+076 0.0861 0.30 -23.49 15.71 0.74 -81
1000-043 0.0636 0.33 -23.79 20.43 6.48 -1 8
1003+350 0.0989 0.49 -24.24 20.38 7.82 -366
1004+146 0.0305 0.45 -24.55 20.24 8.58 30.8
1019+083 0 . 1 0 2 2 0.62 -24.58 19.66 6.42 337
1037+300 0.0911 0.32 -24.03 18.66 3.12 -206
1043-290 0.0574 0.05 - 2 2 . 8 8 21.15 11.54 -6 9
1040+310 0.0351 0.46 -23.51 21.04 7.90 76
1053-282 0.0594 0.06 -22.96 22.17 18.12 -7 5
1056-360 0.0700 0 . 1 1 -23.02 21.15 9.82 -117
1113+290 0.0491 0.33 -23.84 18.30 2.32 549
1118+000 0.0989 0.65 -24.59 17.77 2.62 291
1123-351 0.0329 0.19 -23.85 21.15 13.08 92
1130-037 0.0521 0.59 -24.63 2 1 . 1 0 15.10 268
1131+493 0.0338 0.39 -24.32 20.35 9.14 386
1132+492 0.0324 0.14 -23.53 19.12 3.20 483
1137+180 0.0105 0.06 -23.13 20.67 5.78 —545
1137+123 0.0811 0.55 -24.80 21.59 2 1 . 2 2 1 2
1139-078 0.0654 0.43 -22.84 44
1200+519 0.0631 0.47 -24.43 22.33 24.24 378
1201-041 0.1050 1.37 -23.49 22.05 11.90 -159
1204+225 0.0650 0.50 -24.58 21.90 17.84 73
1215+039 0.0785 0.71 -24.65 21.28 16.44 603
1216-100 0.0874 0.30 -22.99 -7 8
1227+119 0.0824 0.50 -25.05 20.18 9.30 398
1250-102 0.0143 0.24 -24.15 20.32 7.66 -147
1251+270 0.0857 0.50 -23.80 -1124
1251-289 0.0578 0.44 -25.01 21.72 40.14 700
1254-300 0.0540 0.70 -24.06 426
1257-253 0.0645 0.32 -23.79 -9 4
1258-321 0.0149 0.46 -21.95 749
1309+210 0.0300 0.24 -23.50 20.89 6.04 -9 0
1312+089 0.0904 0.39 -23.40 17.93 2.06 96
1313+073 0.0524 0.71 -24.99 22.32 33.36 250
1316+290 0.0728 0.50 -24.10 18.96 3.76 32
1319+428 0.0794 0.34 -23.68 21.14 7.78 313
1321+310 0.0163 0.26 -23.69 21.28 9.52 141
1322+360 0.0174 0.19 -23.32 20.34 4.42 -271
1331-090 0.0814 1.07 -23.65 - 4
1339+260 0.0720 0.73 -24.68 23.20 40.64 835
1346+260 0.0633 0.82 -24.63 23.10 34.14 914
1350+310 0.0450 0.25 -24.08 21.71 14.58 -138
1358-113 0.0366 0.53 -23.93 241
1407+177 0.0189 0.16 -24.28 19.71 5.14 -2 3
1414+110 0.0237 0.34 -24.44 21.05 11.30 -7 0
1422+268 0.0370 0.54 -23.59 2 1 . 8 8 9.84 52
1427+074 0.0534 0.47 -24.64 21.13 13.30 25
1443+178 0.0653 0.41 -23.96 -6 2
1448+634 0.0410 0.18 -24.31 19.43 5.38 9
1452+165 0.0456 0.46 -24.65 21.40 14.32 94
1502+262 0.0538 0.65 -24.11 23.16 27.22 296
1514+072 0.0350 0.67 -24.67 23.03 44.94 132
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1519+070 0.0455 0.65 -24.41 2 2 .SI 33.14 292
1519+045 0.0526 0.54 -24.45 20.96 11.40 297
1521+280 0.0825 0.53 -24.53 20.19 S.44 140
1529+240 0.0956 0.33 -24.43 19.05 4.96 164
1538+082 0.1240 0.34 -24.81 18.74 5.16 822
1549+202 0.0318 0.98 -21.70 160
1555-140 0.0971 1 . 0 2 -24.64 23.88 73.32 -473
1557+708 0.0267 0.53 —24.55 21.54 16.06 -4 7
1601+173 0.0366 0.33 -24.25 2 0 . 2 0 6.60 208
1602+240 0.0318 0 . 6 6 -24.73 22.19 27.02 1 2 0
1602+178 0.0315 0.41 -23.89 21.49 11.54 870
1603+001 0.0614 0.30 -23.90 19.46 4.34 -146
1615+350 0.0296 0.36 -24.03 21.60 13.28 525
1616-029 0.0689 0.56 -24.61 19.64 6.42 207
1626+390 0.0297 0.49 -24.76 23.09 47.94 520
1636+370 0.1603 0.69 -24.74 20.17 8.56 -3221
1657+320 0.0630 0.23 -23.76 17.84 2 . 0 0 117
1658+300 0.0351 0.08 -23.44 19.62 3.58 -4 3
1706+094 0.0396 0.37 -24.12 19.89 5.52 218
1707+340 0.0801 0.25 -24.27 19.66 5.32 950
1709+390 0.0621 0.44 -24.10 18.32 2 . 6 8 477
1712+640 0.0798 0.44 -24.01 17.82 2 . 1 0 1754
1713+641 0.0810 0.56 -24.60 21.31 6.08 975
1717-009 0.0304 0.40 -23.17 21.50 6.30 1182
1719+242 0.0885 0.16 -22.90 17.85 1 . 6 6 -470
1733+710 0.0599 0.46 -24.35 2 0 . 1 0 6.14 99
1739+173 0.0653 0.56 -24.34 21.62 15.18 704
1740+162 0.0345 0.08 -23.93 20.61 6.72 1 2 2
1744+557 0.0304 0.28 -24.31 20.57 8 . 6 8 - 5
1754+626 0.0295 0.40 -23.96 22.63 32.78 145
1754+626 0.0295 0.52 -24.65 21.38 10.28 133
1807+698 0.0501 0 . 2 2 -24.31 19
1819+689 0.0877 0.46 -24.59 17.79 2 . 8 6 -239
1842+455 0.0908 0.70 -24.92 2 2 . 0 0 23.72 984
1845+790 0.0561 0.35 -23.71 -2 7
1950+671 0.0738 0.40 -23.67 - 2 2 1
2058-135 0.0291 0.70 -23.98 20.79 8.16 582
2123+007 0.1330 0 . 6 8 -24.69 23.15 36.60 -366
2206+237 0.0862 0.31 -23.73 - 2 2 0
2212+135 0.0262 0.64 -23.94 20.64 6.72 454
2221-023 0.0562 0.54 -22.91 -8 0
2229+390 0.0161 0.34 -23.15 19.41 9.30 37
2229-086 0.0827 0.57 -25.20 20.92 18.82 390
2235+408 0.0575 0.52 -24.09 18.88 3.06 -6 1
2236-176 0.0525 0.77 -24.14 2 2 . 1 0 19.98 -129
2243+390 0.0806 0.70 -24.11 19.17 3.64 - 1 2 0
2247+113 0.0261 0.54 -24.75 20.67 13.02 71
2308+073 0.0430 0.61 -24.59 20.89 13.60 604
2318+079 0 . 0 1 1 1 0.07 -23.99 19.80 5.56 183
2320+203 0.0392 0.46 -24.34 20.28 8 . 0 2 165
2322-123 0.0821 0.61 -24.41 21.91 22.18 257
2335+264 0.0293 0.42 -24.53 21.71 16.72 707
4.4 Radio Galaxy Surface P h o to m etr y  101
T ab le  4.4: cont.
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2353-184 0.0725 0.51 -24.37 18.31 3.02 354
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F ig . 4 .5 : R elationship betw een the alpha p aram eter and  deVaucouleurs half-light
radius r e. Also m arked is the difference between a ‘to ta l’ absolute m agnitude and the 
m etric m agnitude w ith  apertu re  size equal to 7 .
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4 .4-2.1 A  general f i t t ing funct ion
Consider a m ore general fitting  function of the form
= / o  ( j ^ )  e x p [ - ( r / r 0)/3] (4.18)
where v  and ¡3 have been in troduced as additional free param eters. This expression 
reduces to  the  fam iliar r 1 / 4 law when v  =  0 and (3 = 1/4 , in which case J 0 and r 0  are 
simply re la ted  to  I e and re according to
re = r0 X (7.67)4; -2 .5  log 10 I e =  -2 .5  log 10 70 +  19.75 log 10(e) (4.19)
Note th a t  not all com binations of v  and (3 m ake sense. If, for example, ¡3 is equal to
0.25 then  only negative values of v  would give a physically m eaningful deprojected central 
space density  (Young 1976). T he next few subsections describe the optical profile fitting  
of radio galaxy ligh t curves w ith  b o th  the simple and the modified r 1 / 4 law.
4-4-2.2 Generating light intensi ty profiles
There are several techniques available for ex tracting  a  one-dimensional surface brightness 
profile 7 (r )  from  the raw  2 -d data . For elliptical galaxies it is common to fit the isophotes 
w ith a set of concentric ellipses (Jedrzejewski 1987). In general, radio galaxies have round 
isophotes (Sansom  et al. 1987) and this justifies the  simpler approach adopted here of 
ex tracting  the profiles from  concentric circular apertures of increasing radii abou t the 
galaxy centroid. An accurate  centroid was found for each galaxy by fitting  a parabo la  
to  in tensity  values in  pixels located  near to  an  estim ated  central pixel. In m ost cases, it 
was possible to  generate  d a ta  po in ts from the galaxy centroid right out to  the edge of the 
CCD fram e. For the higher redshift galaxies, or galaxies in crowded fields, profiles were 
generated up un til the po in t when they becam e excessively noisy. The m ain contribution 
to the error bars on each of the points is sky-subtraction inaccuracies. E rrors were obtained 
by assum ing th a t the final d a ta  point in each profile m ay be out by a factor of 2  either 
way and adding this up in q uadratu re  w ith a  flat-fielding error of 2 %.
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4-2.3 Seeing deconvolution
Usually optical profile fits to  the galaxian light d istribu tion  avoid the central regions of 
the galaxy where atm ospheric seeing creates uncertain ties. Schweizer (1979) has rem arked 
th a t m any of the  elliptical galaxy ‘cores’ th a t  had been claimed a t the tim e were probably 
an artifac t due to  the adverse effects of seeing on the central p a rts  of the  light profile. 
In order to  m odel the  observed brightness, one needs to  convolve some assum ed in trinsic 
in tensity  d istrib u tio n  i { x , y ) w ith  a  poin t-spread  function s ( x , y )  reflecting the seeing 
conditions a t the  tim e of the observation. T he seeing-convolved in tensity  d istribu tion  is 
given by
I ( x , y ) =  J  J  i(£,ri)s(x -  £ ,y  -  r/)d£dii (4.20)
where x , y , £  and rj are apparent C artesian  coordinates in the plane of the sky w ith  origin 
a t the galaxy centroid. T he results of convolving a  pure r 1 / 4 law  w ith  a gaussian point- 
spread function  (P S F ) of dispersion 5r0 are shown in Fig. 4.6.
Its m ain effect is to  give the r 1 / 4 law  a flat-topped appearance. T he light rem oved from the 
flat-topped area  reappears a t larger radii as a sm all excess which is only ju s t discernable 
in the diagram .
T he 2 -d in tegral in eqn. 4.20 is com putationally  ra th e r intensive to solve num erically 
for each choice of free param eters in the fitting  function. M onte Carlo techniques were 
therefore em ployed to  gain a little  b it m ore speed. L ater, a.11 analytic approxim ation to 
the full 2-d in teg ra l came to  light (Bailey & Sparks 1983; Sparks 1988) and these form ulae 
are explored fu rther in A ppendix C.
4-4-2.4 The optimisation algorithm
Given the ex tracted  1 -d profile for a galaxy, the problem  is to  optim ise the four free 
param eters in  the fitting  function. Since the errors on I (r)  are fixed,, a m inim um  y 2 
optim isation  scheme is m ost appropriate. T he algorithm  requires an in itia l guess for each 
of the param eters. A lit to  the d a ta  w ith  this param eter choice yields a goodness-of-fit 
equal to  Xo- T he param eters are then itera tively  varied in such a  way th a t  y 2 is lowered.
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F ig . 4 .6 : T he effect of convolving an r 1 / 4  light profile w ith a gaussian poin t-spread
function. T he dot-dashed line is the unconvolved profile. The bold line is the re su ltan t 
profile after convolving w ith  the poin t-spread  function indicated  by the  do tted  line.
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This yields a  new value for y 2 found from a simple Taylor expansion as follows
y 2 ~  y 2 +  Y  • d X  + ^ d X  ■ H  - d X  (4.21)
where X  is a vector whose elem ents are the free param eters in the fitting  function, Y  is 
the vector whose elem ents are the derivatives of y 2 w ith respect to  the param eters in X  
and H  is th e  Hessian m atrix  of second derivatives of y 2 w ith  respect to  the param eters 
in X . T he local m inim um  in y 2 can then be found by solving
H  ■ d X  = - Y  (4.22)
Y  and H  are found analytically  and the optim isation  proceeds itera tively  by replacing X  
w ith  X + d X . Tw o precautions were taken: firstly, large jum ps in  X  due to  the com plicated 
shape of the  y 2 hypersurface from  the  assum ed quadratic  approxim ation were avoided; 
secondly, th e  eigenvalues of the  Hessian were checked whenever a m inim um  was reported  
to  check th a t  this was indeed a true  m inim um  and not ju s t a  saddle point.
4-4-2.5 Results
T he first task  was to  decide w hether the modified r 1 / 4 law  really was providing a b e tte r 
fit to  the profiles th an  the standard  version. To begin w ith , the  pure r 1 / 4 law, convolved 
for the effects of seeing, was fit to all of the profiles. In general it proved to  work well 
especially, as expected, over a  range of radius outside the cen tral region of the galaxy and 
excluding the fa in t halo. A fairly representative set of exam ple fits are shown in Fig. 4.7.
In particu la r note the excellent fit for 1754 +  626b over 80" in radius. For the radio 
galaxies 2058 — 135 and 0229 — 208 the r 1 / 4 fit, m arked by the bold line, is not very 
good. Since fitting  the modified r 1 / 4 law for four free-param eters was com putationally  
expensive only a  subset of the profiles were fit as a  tria l. In all cases it was found th a t the 
p aram eter /3 rem ained essentially fixed a t 1 /4  and th a t either u rem ained a t zero or else 
took a sm all negative value in  the range -0 .4  < v < -0 .2 .  Instances where a  negative u 
profile fit proved to  be generally b e tte r th an  a  pure r 1 / 4 fit were when the galaxy light 
profile rose slowly above an r 1 / 4 a t large radii. Exam ples are the  two galaxies, 2058 — 135 
and 0229 — 208 already noted above. T he dashed lines shown fitted  to  their profiles in Fig.
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F ig . 4 . 7 : A few represen ta tive examples of em pirical profile fits to  the radio  galaxy I  
band surface brightness d istributions.
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Fig. 4.7: cont..
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4.7 have values of u equal to —0.21 and —0.23 respectively. The effect of a non-zero v  on 
the profile is to  take a  sm all fraction of the light out a t small radii, com pared to  s tan d ard  
r 1/ 4, and red is trib u te  it a t larger radii. Some radio galaxies {e.g. 1733 +  71 and  2229 +  3 9 ) 
are m anifestly  cD ’s and posses a break point in their profiles beyond which th e  surface 
brightness falls alm ost linearly  w ith radius. For these, neither the r 1 / 4 or m odified 7-1 / 4 
law ’s provide an  adequate fit. In sum m ary then, the modified r 1 / 4 provides a  b e tte r  fit 
th an  pure r 1 / 4 for a few examples where the light curve falls off m ore slowly w ith  radius 
at large rad ii. A t th is po in t we need to  worry abou t ficticious galaxy halos. These can 
easily be induced if an  underestim ate of the background sky level is m ade. T he larger 
errors as one goes ou t to  fa rth er radii suggests th a t g reater weight should be given to  the 
quality  of the  fit in  the  inner and in term ediate values of radius -  in this regim e th e  pure 
r 1 / 4 law  comes ou t on top . In view of this po in t, the ex tra  com putational labour involved 
in fitting  a function  w ith  ex tra  free param eters, and for consistency w ith o ther workers it 
was decided to  stick w ith  the simple r 1 / 4 law for fitting  the profiles and deriving estim ates 
of fj,e and re. As it  can be seen in  Fig. 4.8 there is a very tig h t correlation  betw een the 
s tru c tu ra l param eters  derived from  the fits. The im plications of this will be discussed 
shortly.
4 .4 .3  C O M PA R IS O N  B E T W E E N  PA R A M ETER S
E arlier we saw how the a  param eter was derived from the grow th curves of sky-sub tracted  
cum ulative flux for the  radio galaxies. It was shown th a t  a  could be related  to  half-light 
radius in  a sim ple way. We now wish to  check th a t this estim ate of re is consistent w ith 
the one derived from  the profile fitting. W hat m ight we expect? Given the differences 
between the  two techniques for deriving re it should no t seem too surprising to  find a 
ra th e r large am ount of sca tte r about the correlation. Indeed this is w hat is found as Fig. 
4.9 indicates. This plots growth-curve a  against profile-fit a  which has been converted 
from re.
This suggests th a t  the set of param eters obtained from the grow th curves are probably 
too sim plistic to  be used for the stream ing analysis. B etter is to  use re (and fie) ob tained  
from the profile fitting , which includes a  b etter calculation to  account for the  effects of 
seeing and does not restric t a tten tio n  to  only th a t portion  of the  light w ith in  19.2 kpc
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^growth
Fig. 4 .9 : C o m p ariso n  b etw een  a  values ob ta in ed  d irec tly  from  g ro w th  curves an d  from
optical profile fits  co n v e rtin g  from  r e. T h e  rad io  galaxies w o rst affected  by seeing (¿.e 
those w ith  effective an g u la r  size less th a n  4" are n o t included  on  th e  d iag ram ).
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which the  grow th curve analysis does.
4.5 D iscussion
4 . 5 . 1  IM P L IC A T IO N S  O F  A L U M IN O SIT Y -SIZE  R ELATION
T he existence of an  M  — a  relation for radio galaxies m ust m ust be telling us som ething 
abou t th e ir fo rm ation  history. Indeed, it has been rem arked by Gunn & Tinsley ( 1 9 7 6 )  
th a t th e  ( M y , a )  d iagram  or in fact any relation between lum inosity  and  size, is a  direct 
probe of galaxy m erging. Theoretical predictions of m ergers, w hether homologous or o th ­
erwise, inev itab ly  pred ic t an  evolutionary p a th  along a lum inosity-size d iagram  (H ausm an 
& O striker 1 9 7 8 ) .
In an effort to  com pare the optical properties of radio galaxies w ith  first-ranked 
cluster galaxies, Lilly & P restage ( 1 9 8 7 ,  hereafter LP) obtained  surface pho tom etry  for 
3 1  powerful rad io  galaxies a t z < 0 . 2 5 .  They found th a t the FRIs had sim ilar lum inosity  
to Abell first-ranked  cluster galaxies and had high values of a,  whilst the FR IIs in their 
sam ple were of lower lum inosity  and had sm aller a  values. LP argue th a t if some process 
such as cannibalism  had  acted on Abell first-ranked cluster galaxies then it is also likely to 
have been operative on the FRIs. On the o ther hand, Heckman et al. ( 1 9 8 6 )  looked a t the 
incidence of m ultip le nuclei in the two classes of radio galaxy and concluded th a t  FRIIs 
show m ore signs of m erging th an  the FRIs. Yates, M iller & Peacock ( 1 9 8 9 )  have presented 
deep im aging for a  sam ple of 2 5  powerful radio galaxies in the redshift range 0 . 1 5  < 2  <
0 .8 2 .  Only 2 FR IIs in  their sam ple show any low-surface brightness features and a  fu rther 
4 of the  FR IIs have m ultiple nuclei. These observation support the conclusions of LP,
1.e. th a t FR IIs appear not to have had a particu larly  violent history. However, as Yates, 
Miller & Peacock note, there is an alternative explanation: the FR I radio galaxies m ay 
be old m ergers and the FR II galaxies young mergers.
T he observations of LP can be tested  w ith the photom etry  presented here if we 
roughly d iscrim inate betw een the two FR  types, as we did earlier, according to their radio 
lum inosity. Recall th a t  the Fanaroff-Riley division is a t a radio power of abou t log 1 0 P 2 . 7  =
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24 W Hz 1sr *. T he results for the m ean (M , a ) pair for the FRIs are (-2 4 .0 6 ,0 .4 1 ) and 
for the FR IIs these are ( —24.14,0.47). Thus, there is only very m arginal evidence for any 
differentiation of sources on the M  — a  plane for the all-sky sam ple radio  galaxies. A 
m ore reliable tes t of this could be m ade if radio m aps were forthcom ing for the sources 
allowing for a  m ore precise m orphological identification.
4 .5 .2  T H E  He — re R E LA TIO N  AS A D ISTA N C E IN D IC A T O R
The im plications of th e  tig h t correlation betw een ¡ie and re for m easuring galaxy peculiar 
velocities will be discussed in  some detail in  C hapter 6 . T he basic idea is th a t we have 
m easured a  rest-fram e surface brightness fie which is distant-independent  and allows the 
‘s tan d ard  ro d s’ to  be calibrated . O ther distance ind icator relations for elliptical galaxies, 
the best of w hich is th e  D n — a v re lation (Dressier et al. 1987), involve m easuring velocity 
dispersions which are a lo t m ore difficult to  acquire a t the  telescope th an  the simple 
‘sn ap sh o t’ CCD fram es used to  m easure ¡ie and re . Given the sim plicity of the p e — re 
re lation, it fares alm ost as well as the D n — a v re lation in term s of relative percentage 
distance m easurem ent accuracy as we shall see in C hapter 6 .
4 .6  C o lo u r -M a g n i tu d e  D ia g ra m
Only a  few B  fram es were eventually  acquired for the radio galaxies bu t these allow us 
take a  prelim inary  look a t the 5  — I  vs. I  colour-m agnitude relation . Our m ain  in terest is 
to exam ine how well such a  relation m ight be able to be used to  tigh ten  up our estim ates 
of peculiar velocities based on the p e — re relation alone.
M etric colours were derived for 79 of the radio galaxies, where the ap ertu re  size was 
kept a t 19.2kpc to  save having to  duplicate m easurem ents. Figs. 4.10 and  4.11 plot B  — I  
colour against I  m agnitude and redshift respectively.
The sca tte r ab o u t the colour-m agnitude relation  is clearly far too  large for it to tighten  
up distances estim ates by very much. It is also, unfortunately , a  very flat relationship. 
The solid line m arked on the colour-redshift diagram  is a  guide to  the expected colours 
for elliptical galaxies. I t thus represents the colour of redsliifted starligh t. T he line has a




F ig . 4 .1 0 : C olour-m agnitude diagram  for a small subsam ple of rad io  galaxies which
have bo th  B  and  I  fram es.
N
PQ
r e d sh ift  z
F ig . 4 . 1 1 : B  -  I  colour p lo tted  against redshift. T he line has a  slope of 2.5z, taken
from the Jf-corrections of Bruzual (1983).
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zero-point of ~  2.35 taken  from  the results of a study of B  — I  colours for a  sm all sam ple 
of ellipticals in  V irgo (P ierce 1986) and a slope of 2.5z taken from the K -corrections of 
Bruzual (1983).
4 .7  A r e  O p t ica l  P r o p e r t ie s  R e la ted  to  C lu s ter  E n v iro n m en t?
It has already been noted  th a t Lilly & Prestage (1987) found th a t FR I radio galaxies were 
m ore likely to  have m ultip le  nuclei th an  F R II’s and hence to  be m ore optically  lum inous. 
This fits in  w ith  th e  observed tendency th a t they found for FRIs to  reside, on average, in 
denser system s th an  the FR IIs. E arlier in this C hapter we found for the all-sky sam ple 
th a t there was a  large sca tte r in B gr over a range in power and no statis tica lly  significant 
difference betw een the  m ean value of B gr for the two m orphological classes, assum ing 
th a t  they  can be d ifferentiated  on the basis of their radio lum inosity. Similarly, we find 
no evidence for any  trend  in optical lum inosity w ith richness of environm ent. T he d a ta  
are shown in Fig. 4.12 which plots in I  against B gr.
If we divide the  sam ple in to  two groups about B gr =  250, then either side of this value 
the m ean m etric  m agnitudes are —23.92 ±  0.69 and -2 3 .9 3  ±  0.64 -  there is therefore no 
significant difference betw een the  two classes. A sim ilar conclusion was reached by Yates, 
M iller and Peacock (1989) for their higher redshift radio galaxy sample. M oreover, they 
note th a t  an  im proved sta tis tica l analysis of the d a ta  presented by LP suggests only a 
very weak tren d  in  their d a ta  also.
4.8  S u m m a r y
The following resu lts have been found:
• in the absence of a full set of galaxy counts for declinations south of 6 =  —23°, the 
Abell c luster catalogue can be used to  a make a reasonable estim ate of B gg;
• radio galaxies either side of the Fanaroff-Riley transition  show sim ilar extrem es in 
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4.12: O ptical lum inosity  against richness of environm ent for the  all-sky sam ple radio
ellipticals. No tren d  is app aren t in  th e  d a ta .
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on average, rad io  galaxies inhab it regions of the universe which are as overdense as 
Abell clusters of richness R  = 0;
the — re re la tio n  for radio  ellipticals is extrem ely well defined w ith a  sca tte r th a t 
corresponds to  a  re la tive photom etric percentage distance accuracy of abou t 28%;
the ( B  — I )  vs. I  colour-m agnitude diagram  for radio ellipticals has a  large rm s 
sca tte r and  is qu ite  flat;
the op tical p roperties of radio galaxies appear not to  correlate w ith  their cluster 
environm ents.
C h a p t e r  5
The 3-d Clustering of Radio Galaxies
5.1 I n t r o d u c t io n
O bservations of large-scale clustering in the universe arguably rank  alongside microwave 
background fluctuations as a  d iscrim inator betw een the cosmological models for s tru c tu re  
form ation. Some recent observations of clustering seem to  suggest the  existence of very 
large-scale density  inhom ogeneities in  the universe. These pose som ething of a challenge 
for m ost theore tical m odels and, in  particu lar, appear to  exclude the  S tandard  Cold D ark 
M atter cosmology. N aturally , before revising a theoretical m odel it is necessary to  convince 
oneself th a t  the  observations are reliable. To date, these have presently  been based m ostly  
around optically  selected sam ples of rich clusters, especially the  Abell cluster catalogue. 
It is well-known th a t this catalogue suffers from pathological selection effects, bu t the 
effect th a t  these m ight have on the derived cluster correlations is not entirely  understood. 
In any case these doubts m ake it  ra th e r prem ature to  rule ou t any cosmology sim ply on 
the basis of s ta tis tics  derived from  optically-selected cluster catalogues alone.
In a few years tim e the  situation  will have im proved considerably and less subjective 
cluster catalogues are likely to be at our disposal. The X -ray satellite , ROSAT, for 
example is curren tly  conducting an all-sky search for clusters. This X -ray selected cluster 
catalogue will be ideal for an unbiased sta tis tica l study of the large-scale s truc tu re . In 
addition, au to m ated  cluster surveys are under way a t the Royal O bservatory E dinburgh 
and at C am bridge.
T he m ain result of this C hapter is the 3-d correlation function for radio galaxies. 
It is unique in  the sense th a t such a  quan tity  has never been calculated before for radio 
galaxies. Previous investigations of the d istribu tion  of radio galaxies have used 2 -d d a ta  
only to  com pute the  angular correlation function. Since radio galaxies can be consid­
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ered to  be abnorm ally  brigh t ellipticals which reside in rich environm ents, the  theoretical 
expectation is th a t  these objects should show an enhanced correlation over th a t  for nor­
mal galaxies. T he rad io  galaxy redshift survey can test this po in t, which has im p o rtan t 
im plications for galaxy form ation.
T he rad io  galaxy survey volume is also deep enough for constra in ts to  be p u t on the 
existence of very large-scale s tru c tu re  in the universe. T he chief pioneer of such s tru c tu re  
has been Tully (1986). His claim is th a t the d istribu tion  of rich clusters shows a  m arked 
flattening th ro u g h o u t the  volum e z  <  0 . 1  tow ards the  supergalactic plane.
T he C h ap ter is divided in to  the following Sections. F irstly , Section 5.2 presents a 
brief overview of some of the  key observations of large-scale clustering in the universe. A 
description of the  calculation  of the radio galaxy sp a tia l correlation function is given in 
Section 5.3 and  the  m ain  results are presented. A check for any radio power-dependence 
of the observed clustering is m ade. The Tully effect is exam ined in  Section 5.5. Finally, 
the C hap ter is concluded in  Section 5.6 w ith a short sum m ary.
5.2 O b s e r v a t io n s  o f  L a rg e -S c a le  C lu s te r in g  in  th e  U n iv e rs e
Simple visual scans of 2 -d galaxy m aps suggest a w ealth  of large-scale s tru c tu re . The 
nearby galaxies show a  m arked concentration in to  groups and clusters. In  3-d it becomes 
clear th a t  the  h ierarchy  of s tru c tu re  extends to even larger scales, and term s such as voids, 
filam ents, sheets, walls and superclusters have been coined by cosm ographers to describe 
the clustering p a tte rn s  in  the universe.
A lthough useful from  a simple phenomological poin t of view, a  simple b u t reliable 
statis tica l tool is really  needed in order to quantify this structure . The tw o-point corre­
lation function £ (r)  is the  m ost widely utilised diagnostic and we shall use it here. For a 
more general descrip tion  of n-point correlation functions the reader is referred to  Layzer 
(1975) and Peebles (1980).
5.2.1 T H E  T W O - P O I N T  C O R R E L A T I O N  F U N C T I O N
This is defined by the jo in t probability  dP(r)  of finding two objects separated  by a distance
5.2 O bservations o f  Large-Scale Clustering in the U n iverse  121
r and w ith in  volum e elem ents dVj and dV2 such th a t
d P ( r )  = n 2[l + £(r)]dV1dV2 (5 . 1 )
where n  is the space density  of objects in the sample. The correlations are therefore zero 
for a random  d is trib u tio n  of points and are positive for a clum ped d istribu tion  on the 
relevant clum ping scale, i.e. £ (r) essentially measures deviations in the clustering p a tte rn  
from a random  d istribu tion . In practice there are only a  few sta tis tica lly  com plete redshift 
surveys of galaxies and  angu lar correlation functions w(6)  are m ore common. This la tte r  
quantity  is th e  p ro jec ted  analogue in  2 -d of £ (r) and it can be used to  infer the spatia l two- 
point correlation  function from  L im ber’s equation, which is an in tegral equation relating 
£(r) to w(6)  (Peebles 1980).
In the  theo re tical contex t, £ (r) is a useful s ta tis tic  since it is sim ply re la ted  (a t 
least in the regim e f  <C 1), through a  Fourier transform , to  the power spectrum  of the 
density field. T hus, observations of £ (r) can be used directly to  set constra in ts on the 
shape of the  prim ord ial fluctuation  spectrum .
5.2.2 C L U S T E R I N G  O F G A L A X I E S
G roth and Peebles (1977) have applied the two-point angular correlation function to  study 
the clustering of galaxies in  the Zwicky and Lick catalogues. They find th a t the d a ta  can 
be m ost sim ply fit by a  power-law form for wgg(6) on scales <  2.0°. M ore specifically
w gg(6) =  A 9 ~ s w ith  A  =  0.0684 ±  0.0057 and 6 =  0.734 i  0.035 (5.2)
On scales > 2.5° there is a sharp  break from  the power-law and this m ay yield im portan t 
im portan t clues to  the n a tu re  of the prim ordial density fluctuation spectrum  (e.g. M addox 
et al. 1990).
T he observed power-law form for w gg(0) suggests th a t the spatial tw o-point cor­
relation function  can be fit by a power-law bu t w ith an index of 7  =  — ( 1  +  6), such
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where ?'o is the  charac te ristic  scale length  of clustering. This s ta tis tic  has been employed 
to analyse clustering  in  the CfA redshift survey (Davis et al. 1982) by Davis & Peebles 
(1983b) who find th a t  ?'o =  5.3 ±  0.3/i- 1  Mpc for an assum ed slope of 7  =  1.77. Likewise, 
de L apparen t, Geller & H uchra (1986) estim ate th a t 5 /i-1 M pc < r 0 < 12/i-1 M pc w ith 
1-3 < 7  <  1-9 from  the  extended CfA survey. Both these results should be trea ted  w ith 
some cau tion  0 1 1  scales >  1 0 h -1 M pc (corresponding roughly to  the  break scale from  wgg) 
because of errors involved in  determ ining a background count of galaxies and w ith the 
lum inosity  function. Evidence for correlated s tructu re  in  the  CfA survey is seen even at 
the lim its of the  sam ple depth .
For galaxies, there is strong evidence to  suggest a trend  in  clustering streng th  w ith 
the local environm ents of the  system s. M ost weakly clustered are the  H II galaxies, a class 
of gas-rich dw arf galaxies. These objects have been found prim arily  in underdense regions 
such as voids (T h u an , G ott & Schneider 1987). The correlation function for these system s 
has been m easured  by Iovino, Melnick & Shaver (1988), who find a  clustering scale-length 
of about 2>h~l M pc.
A t the next level in  the  hierarchy are the spiral galaxies. These are generally found in 
less rich environm ents th an  their elliptical counterparts (Davis & Geller 1976). Fig. 5.1 
plots the  clustering  signals th a t  have been observed for system s of different richness. The 
hierarchy ex tends beyond galaxies to incorporate clusters and perhaps even superclusters 
as we shall now discuss.
5 .2 .3  C L U S T E R I N G  OF  C L U S T E R S
Optically selected cluster catalogues (Abell 1958; Zwicky et al. 1961-68; Schectm an 1985) 
have been used extensively to com pute the cluster-cluster correlation function. An en­
hancem ent is found over the galaxy correlation function which is strikingly large. In 
particu lar, B ahcall & Soneira (1983, hereafter BS) have perform ed s ta tis tica l analysis of 
clustering in the Abell catalogue and report a value of £Cc(r ) I° r clusters of richness R >  1 
which is u n ity  a t approxim ately  25h ~ l Mpc and rem ains positive out to  ~  IOO/1 - 1  Mpc. 
This corresponds to  an enhancem ent over galaxies by abou t a  factor of 18, b u t it is the 
scale-length over which the s tructu re  is found to persist th a t is the m ost w orrying feature.
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Fig* 5 .1 : T he observed h ierarchial trend  for system s of increasing richness to  show
enhanced correlations. T he key is: H II -  HII dw arf galaxies; S -  spirals; E -  ellipticals; R 
"  radio ellipticals (th is  thesis); C -  clusters. The references for these are in the m ain  tex t.
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T he conclusions draw n by Bahcall & Soneira have been challenged on two m ain 
grounds -  for s ta tis tica l reasons and for reasons concerned w ith  the  reliability  of the 
observational d a ta . S ta tistica lly , one is dealing w ith  only a relatively sm all num ber of 
clusters. T he analysis presented by BS was based on only 104 clusters. T he Poissonian 
error bars on £ (r) are therefore likely to  be large. M oreover, it has been argued by Ling, 
Frenk & B arrow  (1986) th a t  the  Poisson error bars are an  underestim ate  of the  tru e  errors 
on £ (r). T hey  advocate a b o o ts trap  resam pling technique to  get a  b e tte r  handle on the 
errors, b u t even th is m ethod  we shall argue la ter, m ay produce an  underestim ate.
A m ore serious criticism  of the BS cluster-cluster correlation  function refers to 
the source of d a ta . T he uniform ity  of the optically-selected cluster catalogues has been 
brought in to  question by Lucey (1983), who argues th a t they  are biased by projection 
effects. D irect evidence for this has been found by Dekel et al. (1989) and  by Sutherland 
(1988), who m ade an  a ttem p t to  correct for projection  effects and derived a corrected 
cluster correlation  function. He finds a  significant reduction in  the  enhancem ent of £cc{t ) 
by abou t a  factor of 6 , corresponding to  a  correlation length  of 14h ~ l M pc w ith  no richness- 
dependence. Also, the  deprojected  cluster correlation function falls essentially to zero 
beyond 50/i-1 Mpc.
T he im portance of pro jection  effects for the derived clustering results has been 
called in to  question by Bahcall (1988). Her argum ent rests upon scatter-diagram s of 
cluster pair separations in  the redshift direction (R z) versus their separation in right 
ascension (R a ) or declination (R s). A strong and system atic elongation in the 2 -direction 
was seen by Bahcall and deemed unlikely to  be due to  projection effects since this would 
have produced an excess of pairs a t any R z , as well as any R a and Rs,  ra th e r than  the 
excess observed specifically a t sm all separations (A z < 0.015).
It is evident th a t in order to com pute £Cc(r ) w ith any degree of confidence, an 
alternative and  m ore objective technique for selecting clusters m ust be sought. Future 
prospects for doing ju s t this look very good w ith redshift surveys of m achine-based cluster 
catalogues curren tly  underw ay (Collins, p rivate com m unication). Also, w ith  the launch 
of the ROSAT satellite  in M ay 1990, there is the prospect of an X -ray selected sam ple of 
clusters to  look forw ard to  in a year or two hence.
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5.2 .4  S U P E R C L U S T E R  C O R R E L A T I O N S
Remarkably, there  is also some evidence to  suggest th a t the clustering hierarchy extends 
beyond rich clusters of galaxies to  include superclusters. T heir spatial d istribu tion  has 
been studied by B ahcall & B urgett (1986). A lthough the analysis perform ed by Bahcall 
& B urgett was based on only a  small sam ple of superclusters, they claimed a  3a  effect 
which im plies the existence of very large-scale s tructu re  in the universe on a scale of 
100 -  150/i-1 M pc. In add ition , the supercluster correlation am plitude fits in well w ith 
the increased correlation-richness trend  defined by galaxies and clusters (Bahcall 1988).
5.2.5 T H E  C L U S T E R I N G  OF  RA D I O  G A L A X IE S
Searches for angu lar clustering have also been carried out in sam ples of radio galaxies. 
Seldner &: Peebles (1978) analysed the 4C survey and detected weak angular correlations 
at the 2 — 3a  level on a  scale of 1 — 3°. These correlations however were la te r  shown 
by C. M asson (1979) to  be artifacts. Recently, Langston (1988) has reported  clustering 
on scales of up to  24' am ongst the weaker sources (60 < S 5 <  89m Jy) in the MG 5GHz 
survey.
One of the  earliest and  best a ttem p ts  to  detect clustering of radio galaxies was th a t 
of W ebster (1977), who used a  power spectrum  analysis m ethod to  show th a t fluctuations 
in radio galaxy num ber density  between random ly-place cubes of side 1  Gpc were <  3%. 
The degree of iso tropy of the universe th a t this im plies, < 1 0 ~ 4 scaling density  p e r tu r­
bations back to  las t sca tte ring  a t z ~  1 0 0 0 , provides a com parable constra in t to  present 
observations of microwave background anisotropies on ~  10° scales. W ebster found no 
angular clustering because the  cm-wavelength surveys he used for his study com prised of 
radio galaxies w ith  a  typ ical redshift of z ~  1 , so th a t projection effects d ilu te clustering 
on sm aller scales very severely.
Recently, Shaver & P ierre (1989) have perform ed various statis tica l tests on the 
distribution of s trong  rad io  sources in the Molonglo catalogue. They find an anisotropy, 
which is m anifest in the  log (IV )-log  (5 ) relation as a slightly different slope from the 
-1 .5  prediction of a  uniformly-filled and sta tic  Euclidean universe. A possible explanation 
for their results is advanced later.
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5.3 T h e  3-d  C o r re la t io n  F u n c t io n  for R a d io  G alax ies
Tlie all-sky sam ple redshift survey presents us w ith a unique o p p o rtu n ity  to  carry out 
a full 3-d search for rad io  galaxy clustering. This Section describes the details of the 
calculation and collects together the m ain results.
5.3.1 B A S I C S
The com putation  of £ (r)  is relatively straightforw ard given a  sam ple of galaxies w ith 
accurate spectroscopic redshifts and angular position on the sky. A pair of galaxies at 
distance rq and r2 respectively, separated by an angle 9\2 cm the sky, have a  spatial 
separation given by:
r i 2 =  r i +  r l ~  2 r i r 2 cos(?i2 (5.4)
This is valid for an  Q0 =  1  cosmology only, which we shall assume. A m ore com plicated 
expression can be found for the case of an open universe and this leads to  a negligible 
increase in £ (r)  by a  few percent. One generally assumes th a t the m axim um  scale of 
appreciable galaxy clustering is small com pared to  the typical distances of the galaxies 
in the sam ple. Peebles (1980) shows th a t there are only appreciable contribu tions to  the 
relevant in tegrals if the objects are nearly at the same distance, |r i  — r2\ <C ?q, and the 
angular separation  8 is m uch less than  one radian. For 9 <  1 , the separation  given by 
equation (5.2) reduces to
r i 2 =  ( r i ~ r 2)2 + r i r 202 (5.5)
and defining
u = r2 -  r i ,  r  =  (rq +  r 2) / 2 (5.6)
this becomes
r \2 =  u 2 +  ( r 8 f  (5.7)
Co-moving separations were com puted for all pairs of radio galaxies, adop ting  a value for 
Ho of 100 km s_ 1 M pc_1. Using proper separations decreases the co-moving separation  by 
a factor of only (1 -\- z ) ~ l < 1 0 %, hence slightly decreasing the am plitude of £.
The s ta tis tic  we wish to  com pute, £ (r), is usually found by creating a  random  
catalogue, w ith  m any  m ore members th an  the true  catalogue, and by counting pairs
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either w ithin the  tw o catalogues or betw een catalogues. These give the tw o estim ates
1 + h  = { D D ) / { R R )  (5.8)
1 + h  = ( D D ) / ( D R )  (5.9)
where D D  and  D R  are the  num ber of ac tua l galaxy pairs and galaxy-random  point pairs
with redshift separations in  the  range (r - d r / 2 , r + d r /2 ) .  There is little  difference betw een 
these estim ato rs, a lthough  the second is generally held to be m ore robust and it is the 
one th a t we shall use here.
5.3.2 T H E  M O N T E - C A R L O  D A T A S E T S
The various m ethods for creating  syn thetic  catalogues in order to  com pute £ (r) m ust be 
weighed up quite  carefully. For the rad io  galaxy sam ple it is essential th a t  we take due 
account of th e  fact th a t  th e  galaxies have been assembled from  four different surveys, 
each of which have covers different declination bands. Since the surveys are undoubtedly 
incomplete (a lthough  to  only a  sm all ex ten t as we noted  in C hap ter 2) there is a corre­
sponding declination-dependent incom pleteness in  the sam ple which m ust be allowed for. 
It is im p o rtan t th a t  one has a  clear understanding  of the sam ple selection effects so th a t 
they m ight be disentangled from  any real clustering th a t  is present in  the sample.
The m ost sim ple and  least realistic synthetic catalogue can be constructed  by sim ­
ply shuffling observed redshifts and generating a  random  righ t ascension and declination 
(a,<5) pair, ensuring th a t these are consistent w ith  |6 | > 15°. S trictly  speaking one should 
perturb the observed redshifts w ith  a  sm all velocity draw n from  a  norm al d istribu tion  
with a  dispersion of, say, 150 km s- 1 . T his safeguards against reproducing any redshift 
clumping th a t m ight exist in  the real survey in to  the sim ulated da tase t -  in practice the 
effect th a t this had  on £ (r) was m inim al.
An im proved syn thetic  catalogue again shuffles observed redshifts, bu t this tim e 
assumes declination-dependent depth  and correspondingly selects declinations random ly 
from the list of observed declinations. As before, a random  righ t ascension is generated 
and the (a ,  6) pair are checked to  ensure th a t |f>| > 15°.
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Finally, a  fu rth e r im provem ent one could m ake is to allow bo th  the com pleteness 
and redshift d is trib u tio n  of the  sam ple to vary over the sky. Sim ulated catalogues are 
generated in th is way by selecting random ly from the list of observed galaxy coordinates 
and redshifts. T his las t m ethod  was used for com puting the estim ates of £ presented in 
the next Section.
5.3.3 E R R O R  E S T I M A T E S
Having described a  m eth o d  for calculating £ (r), we now need to  consider how to  estim ate 
realistic error bars. Suppose N p is the num ber of independent pairs th a t  are counted in  a 
given bin. T hen  a  sim ple Poissonion estim ate of the error on £ in  th a t bin is given by
t — ^ 7  =  —i =  (5.10)
l + £
Peebles (1973) has argued  th a t  this gives an underestim ate of the true  uncerta in ty  in  £. 
The righ t-hand  side needs to  be increased by a factor of roughly 1  +  47r J3, where 47rJ 3 
is the volum e in teg ra l of £ ou t to  the  radius of in terest. Since J 3  is generally difficult to  
measure, an a lte rn a tiv e  scheme for producing correct errors -  the b o o ts trap  resam pling 
method -  has been suggested by Ling, Frenk & Barrow (1986). We shaH no t w aste tim e 
describing the  details of th is m ethod here, bu t note th a t it too is likely to  produce an 
underestim ate of the  tru e  errors. T he key point is th a t one is always concerned w ith 
sampling errors in  the  sense th a t large-scale variations in the properties of the density 
field cause the  a rea  under study  not to  be a  to tally  fair sample. One straigh tforw ard  way 
to deal w ith  this is to  subdivide the sam ple and look at fluctuations betw een sub-sam ples 
located in independent regions of space. A lthough ra th e r inefficient, this m ethod is a t 
least a safer op tion  th an  e ither of the o ther two for estim ating reasonably represen tative 
values of the error bars on £ (r).
In order to  p u t th is m ethod in to  effect, the radio galaxy sam ple was sub-divided 
up into four declination  bands, each of which covered an approxim ately equal area of the 
celestial sphere. £ (r)  was calculated for each subsam ple of the radio galaxies and it is the 
scatter abou t these four estim ates then which gives an indication of the true  uncerta in ty  in 
£(r). A m ean value of £ (r)  can be found for each bin if desired by weighting the individual 
estim ates of £ (r) w ith  th e  square-root of the num ber of galaxies in each declination band. 
Similarly, a  w eighted error can be calculated on the mean.
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The correlation function for the  com posite sam ple of 354 radio galaxies is shown p lo tted  
in Fig. 5.2.
Four points are p lo tted  per bin, each of which represents the value of £ (r) for galaxies 
subdivided up in to  different declination zones. T he sca tte r in these points gives a  rough 
guide of the tru e  errors on £ (r). In fact these agree quite well w ith the Poisson error bar 
estim ates, which are o m itted  so as not to  unduly c lu tte r up the diagram s.
Due to  the  uncerta in ties inherent in fitting  a model to the various points, which are 
not guaran teed  to  be independen t, this was no t a ttem p ted  here. Instead, a  dashed line 
corresponding to  a  power-law  for £ (r) w ith  index of —1.8 and lag of 14/i-1 M pc has been 
marked. T he d a ta  clearly follow th is line very closely -  the characteristic scale length  for 
clustering in th e  all-sky sam ple is very close to  14h-1 M pc and £ falls approxim ately  as a 
power-law w ith  slope —1 .8 .
5.3.4 RESULTS
5.3.5 T R E N D S  W I T H  R A D I O  L U M I N O S I T Y
In view of the  po in ts th a t  we discussed in C hapter 4, regarding the environm ental dif­
ferences betw een F R I (low radio power) and FR II (high radio power) radio galaxies it is 
interesting to  check for any trends in the clustering signal w ith radio lum inosity. Fig. 5.3 
plots £ (r) for rad io  galaxies in different bands of 1.4 GHz radio power which have been 
indicated on the diagram s.
The errors on £ (r)  are obviously larger th an  those for the com posite sam ple bu t it is still 
clear th a t the  s tren g th  of clustering is v irtually  identical for the low-.Pi.4 radio sources 
as it is for the  m ost powerful sources in the sam ple. These results fit in -neatly  w ith the 
conclusions of C hap ter 4 , in which it was found th a t there was no significant fall-off in 
Bgn  the am plitude of the  spatial cross-correlation function, going from low values of radio 
luminosity th rough  to  higher values.
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Fig. 5.2: T he 3-d correlation  function  for all of the radio galaxies in the 0 . 0 1  <  z <  0 . 1
sample. Different sym bols refer to  the  different declination bands as indicated  in the key. 
The scatter abou t the  po in ts gives an  indication of the true errors on £. T he dashed line 
marked is for a power-law m odel for £ w ith  slope equal to  —1 . 8  and characteristic  length 
equal to H / i " 1 M pc.
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Fig. 5.3: 3-d correlation  function for rad io  galaxies in  different bands of 1.4 GHz radio 
luminosity. The erro r bars are larger due to  the poorer num bers in  each declination band.
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The first po in t to  no te  is th a t  the conclusions draw n from the above results are quite 
different from those inferred  from  the results presented in Peacock et al. (1988). These 
la tter were based on th e  p artia lly  com plete redshift survey and it was found then  th a t the 
strong clustering signal was restric ted  to  a band in radio power at close to the Fanaroff- 
Riley division. T he new resu lts presented here are m uch more robust.
The rad io  galaxy correlation function shows an enhancem ent over th a t  for norm al 
elliptical galaxies by ab o u t a  factor of six. Recall from  C hapter 4 th a t radio galaxies were 
found to  reside, on average, in Abell clusters of richness R  =  0. Our result fits in then 
with the observed tren d  for richer system s to  show an enhanced clustering. However, the 
characteristic scale length  of clustering for the radio  galaxies is only 14h ~ l M pc com pared 
to the 25h -1 M pc found by Bahcall & Soneira (1983). This is in line w ith the value 
obtained by S u therland  (1988) after he corrects <f(r) for projection effects in the Abell 
catalogue.
There are in  fact two a priori  reasons why one m ight have expected the radio galaxy 
correlation function to  show the enhancem ent th a t we have found. On the one hand, radio 
galaxies are optically  very lum inous (L  >  T*) and secondly they reside, on average, in 
rich environm ents. In term s of optical lum inosity, radio galaxies range from th a t for 
normal g iant ellipticals to  the largest cD galaxies (Lilly & Prestage 1987). Lum inosity 
segregation has been reported  for galaxies w ith L  > L* (H am ilton 1988) and this can 
partly explain the  observed enhancem ent. In fact, tu rn ing  the argum ent round, the radio 
galaxy clustering results lend support to  the idea of lum inosity  segregation for optically 
bright galaxies.
T he p icture regarding the cluster environm ents of low-redshift radio galaxies th a t 
appears to  have em erged in this thesis, from the present C hapter and also C hap ter 4, is 
that they occupy a  range of environm ents from poor groups to  richest clusters, on average 
residing in A bell clusters of richness R  =  0. There are no significant correlations between 
source lum inosity  w ith  th e ir local environm ents or 3-d clustering signal.
A t higher redshifts (z) = 0.2, Yates, Miller & Peacock (1989) have studied a small 
sample of powerful radio galaxies and find th a t they occupy environm ents on average as
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rich as Abell class 0 clusters. They see a trend  in clustering properties w ith  both  redshift 
and radio power b u t due to  lim ited  sta tis tics  were unable to say which was the prim ary 
effect. The results here seem to  favour the epoch-dependence of clustering properties since 
it would be ra th e r difficult to  envisage how power-dependency could be dom inant a t high 
redshifts bu t not for the low -redshift radio galaxies.
5.5 T h e  T u l l y  E f f e c t
An im portan t issue in  cosm ography, or the m apping of large-scale s tru c tu re  in the universe, 
is the precise coherence length  of s tru c tu re  in the d istribu tion  of galaxies and clusters. 
The ‘G reat A ttra c to r’, which we shall explore in m ore detail in the next C hap ter, is 
a name which has been coined to  describe a huge m ass concentration thought to  be 
responsible for some of the  local large-scale stream ing m otions (Faber & B urstein 1988). 
This pu rpo rted  s tru c tu re  lies near the southern  galactic plane in the vicinity of Hydra- 
Centaurus, a t an  estim ated  redshift of z ~  0 . 0 1  -  0.015. O ther evidence for large-scale 
density hom ogeneities in  the  universe has been claimed by Lonsdale & Hacking (1989), 
who find evidence for s tru c tu re  in  the d istribu tion  of fain t IRAS galaxies and, in particu lar, 
a possible background extension of the  Pavo-Indus supercluster a t z  ~  0.02 -  0.05.
T he m ost extrem e claim s, however, have been m ade by Tully (1986) who believes 
that we reside in an  overdense region of the universe th a t involves 1 0 1 8 M q  and extends 
across a dim ension corresponding to  1 0 % of the d istance to the event horizon. This be­
lief is founded in the observation th a t there is a significant enhancem ent of rich clusters 
of galaxies coincident w ith  the super-galactic equator, i.e. coincident w ith the plane of 
the Local Supercluster as defined by Shapley-Ames galaxies (see deVaucouleurs, deVau- 
couleurs & Corwin (1976) for a description of the supergalactic coordinate system ).
The discovery of this surprisingly coherent d istribu tion  of light in the universe, 
hereafter referred to as the Tully effect, challenges m ost cosmological models for large- 
scale structu re  form ation. It is based on a study of an all-sky sam ple of 214 rich Abell 
clusters and has received corroborative evidence from the apparen t d istribu tion  of the 
poorer clusters stud ied  by Schectm an (1985). Specifically, Tully reports a 4 .6a excess of 
rich clusters in an 8 0 Mp c  interval perpendicular to  the super-galactic equatoi centied
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lO/i^ 1 M pc below th e  p lane of the  Local Supercluster. The m ost obvious features of this 
excess s tre tch  along a  long dim ension of 500hf5* Mpc.
T ully’s analysis involved taking the observed SGZ distribu tion  and a ttem p tin g  to 
renormalise it to  allow for sam ple selection (zone of avoidance and rad ia l selection) in 
order to  produce a  p lo t of SG Z-dependent density. His m ethod is a  little  dangerous in 
tha t it amplifies th e  s ta tis tic a l noise in  the d istribu tion  a t large distances from  the plane.
T he volum e of space th a t  is surveyed by the radio  galaxy sam ple, is deep enough 
for a test to  be m ade of the  reality  of Tully’s claims. A simple approach is adopted. 
The technique described earlier for constructing synthetic galaxy catalogues is used to 
estim ate the expected  SGZ d istribu tion  on the null hypothesis th a t  the density  field is 
isotropic. These are com pared directly  w ith  the  histogram m ed d a ta  for the radio  galaxy 
sample and from  these one can draw  inferences abou t w hether there is a concentration of 
structure tow ards the  SGZ plane.
5.5.1 R E S U L T S
The binned d a ta  for th e  m ost nearby, 2  < 0.025, radio galaxies is shown first in Fig. 5.4. 
The histogram  presented  for the  synthetic  catalogues has been norm alised to the num ber 
of radio galaxies.
It is clear th a t  for the  nearby  galaxies there is a concentration tow ards the supergalactic 
plane. This is sim ply a  reflection of the local large-scale s tructu re  in  the universe. Such 
a concentration can also be seen for the Wall & Peacock radio galaxy sam ple (1985) as 
Shaver & P ierre  (1989) have rem arked.
Now consider the  h istogram m ed d a ta  for higher redsliift shells of radio galaxies, shown in 
Fig. 5.5.
These figures ind icate  th a t  there  is no significant evidence a t all for any concentration  of 
radio galaxies tow ards the  SGZ plane on these scales. The radio galaxy redshift survey 
fails to  confirm the Tully effect.
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Fig. 5.4: H istogram s showing the  d istribu tion  of radio galaxies (full line) w ithin
< 0.025 and galaxies draw n from  a  syn thetic  catalogue (dashed line) above and below 
the supergalactic (SGZ) plane. The obvious concentration  along the SGZ plane is due to 
the local large-scale stru c tu re .
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Fig. 5.5: H istogram s for th e  rad io  galaxies beyond z  >  0.025 and galaxies draw n
from synthetic catalogues. T here  is no evidence for any significant concentration of radio 
galaxies towards the  SGZ plane.
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It seems likely th a t  the  very large-scale s tru c tu re  seen by Tully in the d istribu tion  of rich 
clusters is a resu lt of p ro jec tion  effects in  the Abell catalogue -  the catalogue is sim ply 
far too unreliable to  m ake any  satisfactory  statem ents abou t large-scale clustering in the 
universe.
Recent work by Shaver & P ierre (1989) also tentatively  concluded th a t the Tully 
effect was evident in  their s ta tis tica l analysis of their d a ta . How can we account for this? 
They used the  M olonglo survey of rad io  galaxies as probes of the large-scale s tru c tu re  and 
found a concen tration  of these objects tow ards the galactic plane th a t appeared to  extend 
out beyond z  <  0 .0 2 . T his can probably  now be explained by the observed flatten ing  of 
the very nearby  rad io  galaxies in the Molonglo survey, of which there is no dispute. Any 
conclusions draw n ab o u t th e  large-scale s tructu re  and its  ex ten t are weakened w ithou t 3-d 
inform ation for a  com plete sam ple, inform ation which is absent for the M olonglo survey.
5.6 S u m m a r y  a n d  C o n c lu s io n s
Radio galaxies are clustered some six tim es more strongly th an  norm al ellipticals. This 
enhancement is less th an  the factor of 18 reported  by Bahcall & Soneira (1983), which 
appears now to have been artificially boosted by projection effects in the Abell catalogue. 
A revised figure for the  cluster correlation function which takes in to  account the pro jection 
effects in the  A bell catalogue is m uch more in line w ith our results. Since radio galaxies 
are optically very b rig h t, their large clustering signed lends some independent support 
to the idea of lum inosity  segregation am ongst bright galaxies. Finally, no evidence was 
found to support the  Tully effect. The local (z < 0.02) large scale s tructu re  is detected  in 
histograms for the  num ber of radio galaxies w ithin bands abou t the supergalactic plane 
compared to  iden tical h istogram s for sim ulated catalogues. No significant evidence is 
found for any s tru c tu re  beyond this scale. We therefore reject Tully s claims as arising 
mainly because of contam inations in the Abell cluster catalogue.
5.5.2 DI SCUSSI ON
C h a p t e r  6
Large-Scale Streaming Motions
6.1 Introduction
The radio  galaxy  spectroscopy and  pho tom etry  database presents us w ith an exciting 
opportunity  to  explore th e  top ical issue of large-scale stream ing m otions in the universe. 
This subject has recently  re tu rn ed  to  the  forefront of cosmological research after a  la ten t 
period, borne ou t of a basic m istru st in  the reality  of earlier results, which claim ed signif­
icant (~  1 0 %) deviations from  th e  H ubble flow on surprisingly large scales. In fact these 
claims have stood  th e  te s t of tim e and still present one of the m ost severe challenges for 
theoretical models of large-scale s tru c tu re  form ation.
The key ingred ien ts required  for m apping the ex tragalac tic  peculiar velocity field are 
spectroscopic redsh ifts and  a  set of redshift-independent variables which can be combined 
in some way to  p red ic t galaxy distances. Line-of-sight velocities, m easurable as redshifts, 
assume th a t th e  galaxies are essentially  a t rest in  the  fram e of reference defined by the cos­
mic microwave background rad ia tio n  (C B R). R edshift-independent m easures of distance, 
however, require no such p rio r assum ptions abou t the isotropy of the universal expan­
sion. Together, th e  tw o independent distance estim ates yield galaxy peculiar velocities, 
or deviations from  H ubble flow. T he usual practice then is to  examine the variation of 
these p ertu rb a tio n s across the sky and check w hether they can be fit by a  simple dipole, 
or perhaps some higher m ultipole m om ent model for the ex tragalactic  peculiar velocity 
field. A m ulti-param ete r regression analysis of the d a ta  yields an estim ate for the Local 
Group (LG) m otion  re la tive to  the  reference fram e defined by the survey volume occupied 
b} the galaxies. T he am plitude and direction of this m otion can be com pared directly 
with theoretical predictions to  set constra in ts on the partic le  content of the universe and
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on tlie spectral shape of th e  in itia l density  fluctuations from which galaxies formed.
In principle, th en , observations of stream ing flows are a  very powerful discrim ina­
tor between m odels for galaxy  form ation , on an alm ost equal footing to  observation of 
microwave background an iso trop ies and galaxy clustering. From a theoretical view point, 
large-scale velocity fields are endow ed w ith a num ber of useful features. T hey provide a  
measure of the m ass fluctua tions ra th e r th an  of the light (we shall see why this is im por­
tant in the next C h ap te r); they  can be analysed using linear p e rtu rb a tio n  theory; they 
give direct in fo rm ation  ab o u t the  s ta tis tica l properties of the in itia l density field which 
should have been preserved; th ey  m easure density fluctuations on a scale well beyond th a t 
at which the no rm alisa tion  of the  a rb itra ry  in itia l fluctuation am plitude is usually per­
formed. U nfortunately , from  the  observational side, peculiar velocities take a  considerable 
amount of tim e and  effort to  m easure and their analysis is not straightforw ard, especially 
if system atic effects in  th e  d a ta  need to  be entangled from any real peculiar velocities th a t 
may be present.
One of the  chief m otiva tions for using a sam ple of radio galaxies to  probe the  velocity 
field is th a t , for th is class of ob ject, a  rem arkably tig h t yet sim ple-to-m easure distance- 
indicator relation  can be found and , in addition , the ease and uniform ity w ith which radio 
galaxies can be selected m eans th a t sam ple selection effects are m uch easier to  avoid.
This C hap ter begins w ith  a  short overview of some previous observations of the 
Hubble flow. Section 6 . 3  em phasises why the all-sky sam ple is particu larly  suited  to 
study the velocity field. T he d a ta  is presented in Section 6.4 and peculiar velocities are 
derived using the  /re — re re la tion  for the radio galaxies th a t was established in C hap ter 4. 
Section 6.5 presents the  d a ta  analysis. This takes the form of fitting dipole and quadrupole 
models for the peculiar velocity  field to  the data . A careful error analysis is perform ed to 
test the robustness of th e  solutions. M onte Carlo sim ulations are carried out in order to 
test whether inliom ogeneous sky coverage of the sam ple galaxies can have an adveise effect 
on the error bars associa ted  w ith  the C artesian  com ponents of the Local G roup m otion. 
Section 6 . 5  discusses th e  m ain  resu lts and com pares them  w ith  those obtained by otliei 
workers. In Section 6 . 7  a  ra th e r different approach to  analysing the peculiar velocities is 
described. This uses the  velocity au tocorrelation  tensor and a num ber of im provem ents 
over existing calculations are found. A short sum m ary is given in Section 6 . 8
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6.2 P r e v io u s  O b s e r v a t io n a l  W ork
The early background to  observations and theoretical in te rp re ta tio n  of deviations from 
universal expansion has been reviewed by Davis & Peebles (1983a). M ore up-to -da te  
reviews have been p resen ted  by G unn (1988) and B urstein (1990), to which the reader 
is referred for a  m ore com prehensive discussion th an  the one given here. In fact this 
overview is deliberately  ra th e r  biased tow ards a  description of the pioneering study  by 
Rubin et al. (1976; hereafte r R F ) and the m ore recent investigation undertaken  by a 
large consortium  of astronom ers (Lynden-Bell et al. 1988) dubbed the ‘Gang of Seven’ 
(hereafter, G7). T he R F  resu lts  provide a  useful set of yardstick  m easures for com paring 
with the radio  galaxy dipole solutions since the two sam ples are of com parable dep th  and 
attain a sim ilar percen tage d istance accuracy. T he im portance of the G7 work lies in 
the fact th a t a very good percen tage distance accuracy (~  2 1 %) was achieved by using a 
variant of the F aber-Jackson  re la tion , known as the D n — o v re lation (Dressier et al. 1987; 
Djorgovski & Davis 1987), to  estim ate  galaxy distances. Also their sam ple of ellipticals 
was large, w ith  good sky coverage, allowing the peculiar velocity field to  be m apped in 
some detail.
One of the first key observations of the Hubble flow was the survey by R F of a sam ple 
of spiral galaxies ou t to  a  dep th  of about 13000 km s- 1 . Their analysis, however, was 
restricted to  a  redshift shell betw een 3500 and 6000 km s - 1  where, they argued, the effects 
of M almquist bias were likely to  be less severe. In fact this was an unnecessary precaution 
as we shall see la te r . R F  concluded from their analysis of the sp ira l’s peculiar velocities 
that the LG m otion  was ab o u t 600 km s - 1  relative to  the fram e defined by the shell of 
galaxies. T he tru e  im plications of this result, however, were not fully appreciated  until 
Smoot et al. (1977) rep o rted  the  discovery of a  dipole anisotropy in the CBR a t a level 
of S T / T  ~  1 0 “ 3. T he preferred in te rp re ta tio n  of this is a Doppler-induced effect arising 
from a com bination of th e  E a r th ’s ro ta tional and o rb ital m otions. The m easurem ent of 
the CBR dipole im plied a  LG m otion of 614km s_1 relative to the CBR and in a diiection 
towards I = 270°, b =  30°. A lthough the two independent measures of the am plitude 
of the LG m otion are alm ost identical in each case, the vectors are m isaligned by about 
90 . If the CBR  really  is a  universal rest fram e, and the failuie to find a  quadiupole 
anisotropy of com parable m agnitude to the dipole suggests th a t it is, then the next m ost
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likely explanation of th e  R F  dipole seems to  be th a t  the spiral galaxy sam ple are partak ing  
of a coherent bulk  flow.
The R ubin-Ford effect has been criticised on various grounds, no tab ly  by Fall & 
Jones (1976) and by Schechter (1977). As a  resu lt, it took a further ten years for new 
results to begin to  em erge. A ca ta ly st for this renewed activ ity  was the work of Collins 
et al. (1986), who were able to  answer a t least one of the criticism s levelled a t the RF 
study. They re-observed a  selection of the  R F  spirals in the infra-red, thus avoiding the 
large corrections for in te rs te lla r  dust extinction  required for optical observations of spiral 
galaxies. T heir analysis confirm ed the  R ubin-Ford effect, raising speculation th a t  there 
were indeed large, coherent flows of galaxies in the universe.
Interest in s tream in g  flows again began to  wane following the publication of two 
null results. F irstly , A aronson  et al. (1986) observed a small sam ple of clusters and 
employed the  in fra-red  T ully-F isher re la tion  for estim ating  relative distances. T heir d a ta  
were consistent w ith  th e  clusters being a t rest in the  Hubble flow. This sam ple of clusters 
was not ideal for tes tin g  th e  rea lity  of the  R ubin-Ford effect however, since it  was observed 
from Arecibo which surveys a  region of space alm ost orthogonal to  the direction of the RF 
dipole. The o ther null resu lt was ob tained  by H art & Davies (1982) for a nearby sam ple of 
spirals, using the  T ully-F isher re la tion  to  estim ate their relative distances. Staveley-Sm ith 
(1985) has since called in to  question their regression analysis which casts some doubt on 
the validity of their resu lt.
Recent a tten tio n  has focussed on the results of G7. These have set the pace for 
observers and theore tic ians alike. T heir sam ple com prised 385 elliptical galaxies out to 
about 6000 km s- 1 . T he key fea tu re  of their observations has been the application of a new 
luminosity ind icato r for ellip tical galaxies, the D n — a v relation, which achieves im pressive 
accuracy (D ressier et al. 1987; Djorgovski & Davis 1987). Here, D n is the angular size 
within which the galaxy m ean surface brightness a tta in s  some fiducial value. Note th a t 
all three variables which arise in  the virial equation are consequently represented in the 
Dn ~ crv re lation  — size, surface brightness and velocity dispersion. The p icture th a t has 
emerged from the  d a ta  analysis perform ed by G7 (Lynden-Bell et al. 1988) is again th a t 
°f a large-scale flow of galaxies, b u t one which is dom inated by the grav ita tional action 
°f a Great A ttra c to r ’, a  m ass concentration of about 5 X 1 0 1 <3 M q lying a t a  d istance of
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about 4500 km s - 1  ju s t beyond the  H ydra-C entaurus complex. A lthough a full discussion 
of these results is no t necessary here, we shall be re turn ing  to several aspects of their 
analysis th roughout the  course of this C hapter.
Finally, an in te re stin g  recent developm ent has been the a ttem p ts  to  reconstruct the 
density field from redsh ift surveys, principally  of the IRAS galaxies (Yahil 1988; Strauss 
& Davis 1988), to  see w hether this is consistent w ith the G7 picture of the velocity field. 
In short, the peculiar m otions pred ic ted  by the  IRAS survey succeed in  m atching the 
observed m otions w ith in  regions of ~  1500 km s - 1  in size, bu t fail to  predict the large- 
scale coherent flow th a t  ex ists in  the  observations over a distance of 7000 km s- 1 . The 
IRAS peculiar velocity p red ic tions do not appear to  support a  G reat A ttrac to r model.
6.3 T he  P r e s e n t  W o r k
The radio galaxy sam ple offers a  num ber of po ten tia l advantages over o ther samples which 
have been used in  th e  p as t to  s tu d y  the Hubble flow. One of the key features of the sample 
is that we expect it to  be free from  system atic  biases of the kind th a t generally plague 
optically selected sam ples. T he M alm quist bias (M alm quist 1920) is perhaps the most 
obvious of these. T his can arise qu ite  sim ply because as one observes out to greater 
distances in the universe, an  increasing num ber of only the brightest galaxies get included 
into the sample a t th e  expense of th e ir fa in ter counterparts. The radio galaxy sam ple was 
initially selected according to  rad io  flux-density crite ria  and although there is undoubtedly 
a radio M alm quist b ias in  the  sam ple, there should be no optical analogue because the 
optical properties of rad io  galaxies are effectively uncorrelated w ith their radio properties 
at low redshifts. Also w orth  recalling here is th a t the optical criterion used to select 
galaxies w ithout a  redsh ift was a  cautious one, allowing for the 1  m agnitude sca tte r about 
the Hubble diagram , so th a t  is is unlikely th a t galaxies have been ‘m issed’ a t the higher
redshifts.
The reason why a  M alm quist bias can severely com plicate the analysis for peculiar 
velocities is th a t the system atic  m agnitude error it introduces (in kms J ) is proportional 
to distance (errors in  m agn itude  are logarithm ic errors). G7 have argued th a t for cluster 
galaxies the effect is sm all since for these the com bined error in distance is reduced by
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a factor n 1 / 2  where n  is the  num ber of observed galaxies in the cluster. The M alm quist 
error is consequently reduced by a  facto r n. Ironically, it is the presence of clusters and 
underdense regions in  th e  universe th a t m ake the  M alm quist bias difficult to  correct. If one 
was dealing w ith a  universe in  w hich there  was a  sm ooth and homogeneous d istribution 
of galaxies then the  size of th e  effect could be com puted and the appropriate  corrections 
made. G7 have described in  som e detail their m ethod  for dealing w ith  M alm quist bias. 
It requires some jud icious assum ptions to  be m ade about the d istribu tion  of galaxies. 
Although it is p robab ly  unlikely th a t  the  surprising results obtained by G7 can be wholly 
attributed to  a  lack of u n d erstan d in g  ab o u t how to  correct for M alm quist bias, it is not 
impossible.
A further advan tage offered by the  all-sky sam ple is its depth. D eviations from 
Hubble flow have been found on all scales th a t  have so far been observed -  the break­
over point to universal expansion has not been found. The all-sky sam ple offers the first 
opportunity to  tes t w hether stream ing  flows persist beyond the  Rubin-Ford scale.
6.4 M u lt ip o le  S o lu t io n s  for th e  Local G ro u p  M o t io n
A variety of solutions are presen ted  in  th is Section for the Local Group m otion, based on 
a careful analysis of th e  rad io  galaxy peculiar velocities. These are derived by m inimising 
the scatter abou t th e  /r — re re la tio n  and  a  justification  for this choice of regression scheme 
forms an im p o rtan t p a r t of the discussion. H aving obtained the solutions, a com bination 
of Monte-Carlo tes ts  and  s ta tis tica l argum ents are presented to  check w hether they are 
reasonable given th e  sam ple d ep th , percentage accuracy of the distance ind icator and 
inliomogeneous sky d is trib u tio n  of the  galaxies.
6-4.1 T H E  D AT A
The data comprise accu ra te  spectroscopic redshifts, effective angular size 9e and intrinsic 
surface brightness /xe , for som e 200 rad io  galaxies w ithin z < 0.1. Surface brightness has 
been corrected for (1 +  z ) 4 and  k-dim m ing according to the formulae given in C hapter 3.
Fig- 6 . 1  plots the sky d is trib u tio n  of the rad io  galaxies, differentiating between the low 
redshift (z  < 0.04) and  d is tan t ob jects w ith  a  filled and unfilled circle respectively. There
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O
CV2
Fi§- 6.1: Sky d is trib u tio n  of the  all-sky sam ple m em bers w ith  adequate I  band CCD
photometry. The filled circles are for rad io  galaxies w ithin 1 2 0 0 0  kms
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is a strong n o rth -sou th  an iso tropy  which is unfortunate ly  worse for the nearby galaxies, 
which carry the sm allest d istance  errors and hence the largest weight in the optim isation 
schemes for the Local G roup m otion. We shall need to  assess the im plications of this 
anisotropy for the  dipole solutions la ter.
6.4.2 T HE  D I S T A N C E  I N D I C A T O R  R E L A T I O N
In Chapter 4, a tig h t co rrelation  betw een effective size re and in trinsic surface brightness n e 
was found for the rad io  ellip ticals and discussed m ainly in term s of their form ation history. 
In the context of th e  p resen t work its  im portance lies in the fact th a t the galaxies can be 
used as calibratable s tan d a rd  candles for the purpose of m easuring relative extragalactic 
distances.
Exactly how one should em ploy the /r — re re la tion  as a distance ind icator requires 
some careful though t. In  principle, the  problem  faced is sim ilar to  the one discussed by 
G7 for their Dn - a v re la tion . T hey  describe in some dep th  the factors affecting the choice 
between a regression of D n on av or vice versa. In fact there is only one correct choice: 
Dn contains the observational selection which incorporates unknown errors and therfore 
c v should be trea ted  as th e  independent variable in the regression. This fact appears to 
have been missed by G7, who chose to  regress the o ther way round. T he penalty  to pay 
for this oversight was th a t  qu ite  severe M alm quist bias corrections had to be applied to 
the data. As Schechter (1977) no ted , Rubin et al. also need not have restric ted  their 
peculiar velocity analysis to  a  ‘m inim um  b ias’ subset of the d a ta  if they had opted for a 
different m inim isation scheme th an  the one they u ltim ately  chose.
For the radio galaxies, then , the correct approach is to regress upon r e since it is 
almost certain th a t  our set of selection crite ria  have not biased us against selecting low- 
surface brightness galaxies. H aving settled  on a correct regression scheme we now need to 
consider how the sca tte r  ab o u t the  /ie — re re lation  affects its  use as a distance indicatoi. 
Firstly, note th a t the observational errors on ¿¿e aild re are coupled, although it has been 
shown by H am abe & K orm endy (1987) th a t the p, -  re relation is not significantly affected 
by this coupling. In any case the experim ental errors in the observables are swamped by 
cosmic scatter. S till, one is faced w ith  an  essentially unknown cosmic covariance m atrix
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to determ ine. T his was done by Staveley-Sm ith & Davies (1990) for their sam ple of 
spirals using m ultivaria te  s ta tis tica l techniques to  separate  a to ta l in trinsic  error into 
contributions from  each of the  variables.
A m ore tran sp a ren t solution to  the problem  for the radio galaxies is to  tru n ca te  the 
data in re and  assum e th a t  all the sca tte r is in the fie direction. This is reasonable given 
that any large differences between horizontal and vertical sca tte r would show up m ost 
at the edges of the d a ta , so th a t  by trunca ting  a  consistent picture is being m ade. T he 
reason for tru n ca tin g  in r e ra th e r than  fj.e again relates to the fact th a t the d istribu tion  
in fie a t a  given size is expected to  be unbiased by observational selection whereas the 
converse is no t true.
The /.ie — r e re la tion  was therefore tru n ca ted  a t values of r e equal to  2.5/i^q1 kpc and 
50/i^q1 kpc which m ean t th a t  only 11 galaxies were lost. A lthough this is a  som ew hat 
arbitrary  choice, it  is im p o rtan t to  note th a t  none of the solutions presented la te r in 
this Section are severely affected by removing a  few galaxies a t the edge of the  d a ta . 
Any galaxies lying fu rth e r th an  3<r away from  the least-m ean squares line th rough the 
truncated ¡i — r e re la tion  were also rejected. T he ¡i — r e relation for the rem aining galaxies 
(prior to  tru n ca tio n ) is shown in Fig. 6.2. T here is an rm s sca tte r abou t the  p, — r e 
relation in the  r e direction  which corresponds to  a relative distance accuracy of abou t 
28%. A lthough this is no t as good as D n — crv i t  is still acceptable for m easuring peculiar 
velocities. C ertain ly , th e  photom etric  param eters are a  lot less trouble to acquire th an  
velocity dispersions.
6.4.3 T H E  O P T I M I S A T I O N  S C H E M E
Let us begin by m odelling the  observed velocity field as a simple Local G roup dipole 
motion superim posed on the uniform  expanding background. The model can be extended 
to include higher order m ultipole m om ents of the velocity field if desired. For the dipole- 
only case
Hqt  =  Vc +  u - h  +  A„ =  VH ( 6 . 1 )
where Vc is the  observed velocity reduced to  the Local Group barycentre (to  correct 
heliocentric velocities the  IAU convention of a  solar m otion in the LG fram e of 300 kms 1
















Kg. 6 .2 : T he /xe -  r e re la tion  for 172 radio galaxies. F ive 3cr outliers have been
rejected and trunca tion  in  re a t  values of 2 .5 h$Q kpc and  50h5Q kpc will remove a fu rther 
eleven galaxies.
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towards I =  90°, b =  0° was adopted), u  is the LG m otion vector, n  is a  un it vector 
in the direction of the  galaxy and A„ is the ‘th e rm a l’ noise in the  Hubble How. T he 
perturbed velocities can be used to  com pute a  ‘tru e ’ physical size for the galaxies and  the 
corresponding sca tte r  abou t the fie — re re lation  is minim ised, where
He T  A ^  =  a  +  /? log1 0  re ( 6 .2 )
and A Me incorporates the  observed and in trinsic errors in p e.
T here are six free param eters to  be estim ated  from  the d a ta . F irstly , the x , y  and z 
Cartesian com ponents of the LG m otion. We shall work in  G alactic C artesian  coordinates 
x towards the G alactic  centre, y tow ard G alactic ro ta tio n , and z tow ard the n o rth  G alactic 
pole. The o th er param eters are a  and f3, in tercep t and slope respectively in the  p — re 
relation and  th e  rm s error term  A Me. A fixed Hubble flow noise term  of 250 km s - 1  is 
used th roughou t, although  the solutions are fairly insensitive to  this choice.
Since A llc is an  unknow n error th a t needs to  be estim ated from the  d a ta , the op tim i­
sation scheme best su ited  to  the present problem  is m axim um  likelihood. If, on the  o ther 
hand, A ^  were fixed a t a  certain  a priori  value, then  m inim um  % 2 could be used since 
then the tw o schemes are equivalent. This point appears not to  have been appreciated  by 
Staveley-Smitli & Davis (1989) who choose to  m inim ise x 2 despite trea tin g  the errors as 
extra free param eters  to  be derived from the optim isation.
For norm ally d istribu ted  A Mi, the likelihood L  can be w ritten
L  =  e -* 2/2 I I ^ A L  +  A 2* ) ] " 1 7 2  (6-3)
As we have argued, it is the sca tte r about ¡i — re th a t  should be m inim ised and hence x 2 
is given by
2 v~^  (Me -  Q ~ / 3 1 ° g i o  A ) 2 / 6
X A l f  + A l
Inserting this in to  equation  6 . 3  and noting th a t m axim ising L  and In L  are equivalent 
gives a final expression
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This is q u ite  difficult to  solve. It is easier to  use the fact th a t, for fixed A 2 , m axim umH-e '
likelihood is equivalent to  least-m ean squares. T he best approach, then , seems to  be to 
solve least-m ean squares for a range of tria l values for A ^  and to  use the resu lting  values 
of x 2 1 °  exam ine the  one-dim ensional variation in m axim um  likelihood w ith  A Pe and 
hence find the  best value for A,
The o p tim iza tion  problem  one faces is essentially a  weighted, non-linear least squares. 
There is a  N A G  rou tine  to  deal w ith  such problem s and briefly th is works in the following 
way. Suppose th e  function we wish to  minim ise is F ( x )  which is a  function of the n 
variables, x \ ,  X2 , . . . ,  x n . Then the vector of p artia l derivatives of F ( x )  is called the 
gradient vector and  is denoted by
g(x)  =
d F ( x )  d F ( x )  8 F ( Xy T
(6.6)
9a:i ’ d x 2 ' ’ d x n
The g rad ien t vector is an im p o rtan t diagnostic in op tim isation problem s since it m ust 
be zero a t an  unconstra ined  m inim um  of any function w ith continuous first derivatives. 
Similarly, the  m a trix  of second derivatives term ed the Hessian m atrix  m ust be positive 
semi-definite a t any unconstrained m inim um  of F{x) .  Thus for the po in t x* to  be an 
unconstrained local m inim um  of F(x):
0 )  \ \ 9 i x * ) \ \  =  a n d
(ii) G(x*)  is positive-definite;
where | \g\ | denotes the  Euclidean length of g.
The elem ents in  the  variance-covariance m atrix  of the estim ated  regression coefficients 
are derived from  the  Jacobian  of the function f ( x )  a t  the solution. Thus suppose th a t
F ( x ) = / T0 ) / (z )  (6-7)
represents th e  goodness-of-fit of our non-linear model to  the observed d a ta . We shall 
assume th a t  the  Hessian of f ( x ) ,  a t the solution, can be adequately represented by 2  J T J ,  
where J  is the  Jacob ian  of f ( x )  a t the solution. The estim ated variance-covariance m atrix  
C is then given by
C = a 2( J T J ) ~ 1 J T J  non -  singular ( 6 .8 )
where cr2 is the  estim ated  variance of the residual a t the solution x,  given by
a2 = Fix)
m  — n
(6.9)
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m  being the num ber of d a ta  points and n the num ber of variables. T he diagonal elem ents 
of C  are estim ates of the variances of the regression coefficients.
As a te s t of the  algorithm , it was ran  on a  mock datase t in to  which a dipole had been 
added. A m inim um  value of x 2 was found a t the correct values of the  6  free param eters.
6.4.4 D I P O L E  S O L U T I O N  F O R  T H E  LOCAL G R O U P  M O T I O N
The algorithm  was next ran  on 72 radio galaxies lying w ithin 12000 km s_ ] . T he observ­
ables, <?e, redshift etc., were fed in to  the com puter program m e and a tria l value of 0 . 3 5  
mag. arcsec 2 was supplied for the rm s sca tte r on p e. Again the algorithm  converged 
to a solution quite quickly and it was found th a t this was fairly insensitive to  choices of 
A Me around the in itia l tria l value. The resulting com ponents of the Local G roup m otion 
together w ith  their rm s errors, derived from the diagonal elem ents of the erro r covariance 
m atrix, are given below
Vx =  -1 4 8 4  ±  644km s- 1 ; Vy =  776 ±  425 km s- 1 ; Vz =  1066 ±  424km s-1
The constan t coefficients a  and P were calculated to  be 23.2 ±  0.14 and 2.94 ±  0.17 
respectively. M inim um  x 2 tu rned  out to  be very close to  un ity  for th e  six degrees of 
freedom in the problem .
It is in teresting  now to check whether using the dipole-corrected redshifts for calcu­
lating re brings down the sca tte r in the p  -  re relation. The corrected distance ind icator 
relation is shown in Fig. 6.3. Also shown is the uncorrected p  — re re la tion  for the 72 
galaxies used in  the  stream ing analysis. Inspection of these shows th a t there is a small 
reduction in  sca tte r -  in  term s of percentage distance accuracy, the change is from 28% 
to 25%.
It is also illum inating  to  express the LG m otion dipole com ponents in  term s of equatorial 
coordinates a  and 6. In this case, they tu rn  out to  be:
Vx = -2 9 2  ±  3 44km s-1 ; Vy =  304 ±  605km s- 1 ; Vz = 1988 ±  548km s-1
Note the large am plitude of the m otion in the z-com ponent which, in the equato rial system , 
points tow ards the  n o rth  pole. This reflects the conspicuous north -sou th  anisotropy in 
the d istribu tion  of the radio galaxies about the sky.












Fig- 6 .3 : The p e - r e re la tion  for 72 galaxies which have a m easured peculiar velocity. The 
upper diagram  used observed redshifts to com pute r e. Observed redshifts were corrected 
for peculiar velocities to  produce the  bo ttom  diagram .
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6.4.5 Q U A D R U P O L E  S O L U T I O N
Given th a t  the  radio  galaxy sam ple probes the large-scale s tru c tu re  on a  g reater scale 
than the correlation  length  of g ravitationally  a ttra c tin g  masses one m ight expect to  find 
higher order m ultip le  m om ents in the velocity field (C lutton-B rock & Peebles 1981). A 
quadrupolar m om ent for exam ple is a signature of tidal fields set up by m assive concen­
trations of m a tte r  (Lilje, Yaliil & Jones 1986).
To effect a  quadrupole anisotropy in the Hubble flow we m ust replace the Hubble 
velocity v  =  f i r  by v  =  H  • r  where H  is a  sym m etric m atrix  -  the an tisym m etrical 
components correspond to  ro ta tio n  ra tes which do no t give rise to  rad ia l velocities and so 
cannot be determ ined  from the d a ta . W riting r  as rr  and expressing H  as a  m ultip le of 
the id en tity  m a trix  I  gives
v  =  H 0r (I  +  Q ) • f  (6 . 1 0 )
where Q is th e  quadrupole tensor. Solving for bo th  a  dipole and a  quadrupole in troduces 
another five free param eters in to  the the  expression for x 2 ~ these are effectively the 
anisotropies in  th e  Hubble constan t Qxx, Q yy, Q z z , Qxy and Q xz. D espite this doubling 
of the num ber of free param eters for the regression code to  solve for, a  m inim um  was still 
found. T he following results for the com ponents of the LG m otion were obtained:
Vx = -1 1 7 4  ±  687km s- 1 ; Vy = 883 ±  453kms- 1 ; Vy = 1092 ±  454km s - 1  
and for the  com ponents of Q
Q xx = 0.08 ± 0 .1 1 ; Q xy = -0 .0 7  ± 0 .0 6 ; Q xz =  -0 .0 6 2  ±  0.05
Q yy = -0 .0 3  ± 0 .0 4 ; Q zz = 0.04 ±  0.03
Little fu rth e r will be set about these results here since the large error bars render them  
rather m eaningless. Two points are w orth m entioning however. F irstly , the  above values 
for the dipole com ponents are som ewhat different from those ob tained  for the dipole-only 
solution. T here is a  coupling between the dipole and quadrupole m om ents due to  the sky 
anisotropy of the sam ple. They are effectively independent of each o ther for a perfectly 
uniform sky coverage. Secondly, there is a m uch neater way to trea t the quadrupole. Like 
every sym m etric tensor, Q can be brought to principle axes. From  the basic definition of a
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quadrupole m om ent (e.g. L andau & Lifschitz 1975) it follows th a t  the diagonal elem ents 
of Q sum to zero. In general, only two of its  three principal values will be independent. 
The axis of sym m etry  in th e  present problem  lies along the galactic p lane so this m ust be 
one of the  principle axes of the  tensor Q. The location of the  o ther two axes in  the  x , y 
plane are a rb itra ry . T he diagonalised form of Q is w ritten
( - Q x ' 0 0




where Q z< =  Q x> +  Q y<. T he Q z< axis of the quadrupole is defined as the d irection  of 
maximum expansion and, in a  hypothetical situation  where m otions are dom inated  by a 
single m ass concen tration , would represent the direction of infall.
6.4.6 E R R O R  A N A L Y S I S
The errors on th e  dipole solu tion  are strikingly large especially when com pared w ith  the 
results ob ta ined  by R ubin  et al. for a  sam ple of sim ilar size which probed a  com parable 
depth. In an  effort to  understand  these, first consider the error covariance m a trix  for the 
free param eters in  th e  regression analysis for the Local Group m otion. In order to  avoid 
this looking d isproportionate ly  messy due to  the large differences in m agnitude betw een 
redshifts and th e  o th er observables, recession velocities have been scaled by a  facto r of 
1 0 3 km s~x. T he covariance m atrix , C , is then
u a (7zI V
G Q, 0 . 0 2 1 — — —
0.024 0.032 — —
0 . 0 2 0 0.009 4.66 — —
-0 .0 3 9 -0 .0 4 8 0.47 2.06 —
a,
~Z -0 .0 2 9 -0 .0 2 7 -1 .3 3 0.63 2 . 0 2
There are significant off-diagonal term s in C (especially the a Zc a Zz term ) and the 
hypothesis we wish to  test here is th a t they are due to the radio galaxy sam ple having 
anisotropic sky d istribu tion . M onte-carlo sim ulations are clearly in order, bu t before 
these consider the  following heuristic argum ent.
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Suppose th a t  the  d istribu tion  of grav ita ting  m atte r in the universe induces a  dipole 
vr =  v  • r ,  w here r  describes the position of a galaxy relative to  the  observer. A least 
mean-squares op tim isation  scheme can be used to  com pute v  since the  observational errors 
a{ are independent of v .  Thus
X ( - >
Solving for d / d Y  =  0 yields a m atrix  equation for V .
T he errors on the  dipole are found from the m atrix  of second derivatives, or the 
Hessian. If th is is approxim ately  diagonal it can be expressed as
W f - ' T . - f
J  I  1
Suppose the  m a tr ix  equation  for V  adm itted  a  solution Vmin, then an  approxim ate ex­
pression can be w ritten  for x 2 as
X2 =  ( 7 ~  Ym i " ) 2  (6.14)
and hence from  equation  ( 6 .1 2 )
(*0 ia l  = E (6.15)
where the subscrip t j  runs from 1  to  3 and labels each of the C artesian  com ponents of 
the Local G roup m otion.
The variance of the  errors on the dipole solution, which we shall denote A ^ p ,  is 
given as usual by
A jv P =  < m 4> - ( m 2)2 (6-16)
In terms of the  cry. ’s we have th a t
and
{ i^ i4) =  E CTri +  E <TK - 4
i ^ j
(6.18)
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An analytic expression for (I^4) can be found if V  is assum ed to  have been draw n from  a 
gaussian d istribu tion . In this case we have
and thus
from which
and so finally we have
< m 4> =  2 £ 4  +  ( £ 4 )  
< m v < m 2 > 2 =  2 £ 4
A|vp = (2£ ct̂ )*
= 2 \ V \ A m
A |i/| ^ ( E 4 , ) *
(6.19)
(6 .20 ) 
(6 .21)
( 6 .22)
This result is used below to  predict a theoretical estim ate  for w hat the errors on the dipole 
for the rad io  galaxy sub-sam ple should be in  the case of a uniform  sky d istribu tion . It 
assumes there  is no signal -  i.e. deviations of \V\ from zero are due to  random  noise only.
6.4.7 M O N T E  C A R L O  S I M U L A T I O N S
In the case of a  uniform  sky d istribu tion  the expected variance on the LG m otion can be 
computed by noting  th a t
(r)
from which i t  follows th a t





For 71 galaxies in the redshift range 3000 — 1 2 0 0 0  km s - 1  w ith  d istance m easurem ent 
errors of 28% per galaxy one therefore expects approxim ately cry. ~  400 km s - 1  and hence, 
A |^ | ~  285 km s- 1 .
To check th is, a  num ber of sim ulations were ran  for different realisations of an isotropic 
sky d istribu tion , i.e the observables 6e and /¿e for the radio galaxies were kept unchanged 
but their sky d istribu tion  was isotropised. Average rm s errors on the three com ponents 
of the Local G roup m otion after 2 0  realisations were as follows
AVX - 520kms x; A V y =  447kms a; AVZ =  474kms 1
6.5 Stream ing in the V ic in ity  o f  the Great A ttractor 160
These errors are closer to  the  expected values for an isotropic d istribu tion  th an  the ac tua l 
values for th e  real sam ple. In p articu la r the  error b ar on the  :c-coinponent of th e  LG 
motion has been reduced considerably. T he m ain reason for this is th a t  all of th e  off- 
diagonal elem ents in  the  covariance m a trix  are now sm all whereas before th e  a Zi a Zz 
element was large. T here is still some rem aining discrepancy betw een the errors derived 
from the M onte-C arlo  sim ulations w ith  the  expected errors. This is p artia lly  explained 
by the fact th a t  although  the galaxies were given a random  pair of coordinates, these 
were such th a t  |6 | >  15°, so the  sky d istribu tion  was not com pletely isotropised. Also, 
the off-diagonal elem ents in th e  covariance m atrix  are not exactly  equal to  zero.
6.5 S tr e a m in g  in th e  V ic in i ty  o f  th e  G reat A ttr a c to r
The fru stra tin g  lack of southern  hem isphere objects w ithin 12000 km s - 1  th a t have a CCD 
frame from  w hich /i e and  re can be m easured does not allow any sta tem en t to  be m ade at 
this stage ab o u t stream ing in  th e  vicinity of the G reat A ttrac to r. This is dem onstra ted  in 
Fig. 6.4 w hich is a  vector d iagram  of the  kind used by G7 to dislpay their peculiar velocity 
data. Poin ts have been p lo tted  for galaxies which lie w ithin 30° of the supergalactic plane. 
The G reat A ttra c to r  region lies in the top-righ t p a r t of the diagram . It is only very poorly 
sampled.
6.6 D is c u s s io n
How weH does our dipole solution com pare w ith o ther results on the R F scale? To check 
this we would ideally like to  know the six independent com ponents of the observed velocity 
error covariance m atrices. U nfortunately, o ther workers usually ju st quote the errors 
on the th ree  cartesian  com ponents of the dipole. Progress can be m ade however if we 
assume th a t the  m atrices are of the form diag [(dux)2, (¿uy)2), (<iuj)2], i.e. orthogonal 
error com ponents are uncorrelated  to  first order, then
v4(6v)2
v6 cos2 b(Sb) 2 =
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Fig* 6.4: Vector d iagram  indicating  the lack of galaxies in the vicinity of the G reat 
Attractor (top righ t). Radio galaxies lying w ithin 30° of the supergalactic plane only are 
shown.
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If one or m ore of the  (6vi ) 2 is negative then  equation  (6.24) m ay no t have a  sensible 
solution. T his can arise in practice when the errors on I and b are sm all given the error 
on v. A conservative procedure then  is to assum e isotropic errors w ith d(u , ) 2 =  (5v)2.
Stream ing velocity m easurem ents can now be com pared. Since the results of RF 
and the G7 bulk flow solutions are in good agreem ent ( x |df ~  4) we shall adop t the 
weighted average of their m easurem ents to com pare w ith the radio galaxy dipole solution. 
Thus the C artesian  com ponents of the  LG m otion relative to the R F scale are close to 
(—443, —126,191) ±  (102 ,85 ,56) km s“ 1, i.e. 499 ±  96 km s - 1  tow ards I =  196° ±  11°, 
b = 23° ±  7°. C om paring th is result w ith the dipole solution for the z  < 0.04 rad io  galaxy 
subsample gives a  values of X3 df ~  1 1 . Basically then , the two sets of resu lts are to ta lly  
inconsistent. Any m ore e labo rate  sta tis tica l testing  of the d a ta  is weakened by the  large 
errors on the  rad io  galaxy dipole solution.
A lthough th e  resu lts p resented in  this Section are ra th e r d isappointing from  the 
point of view of the  large error bars and the  poor sam pling of the G reat A ttrac to r region, 
they do offer th e  hope th a t reliable tests of the R F  effect can be m ade once m ore CCD 
frames for th e  rad io  galaxies are forthcom ing. T he em phasis here as been on two m ain 
points. F irstly , a  sim ple d istance ind icator re la tion  exists for radio galaxies which can be 
measured efficiently and easily applied, w ith  the knowledge th a t system atic biases are a 
lot less severe th an  those th a t  have often plagued optically selected sam ples of galaxies. 
Secondly, the  d istance ind icato r has to  be used correctly. This m eans understand ing  which 
of the observables carry  the  observational selection and then carrying ou t the regression 
analysis accordingly.
Observed dipoles can be com pared w ith  theory  in a straightforw ard way. T he pre­
scription for doing th is has been given by Kaiser (1988c). In m any respects the velocity 
autocorrelation tensor discussed in the next Section is a b e tte r s ta tis tic  for com paring 
against theory  however and we postpone such tests un til then.
6-7 T h e  V e lo c i ty  A u to c o r r e la t io n  F u n c t io n
There are two approaches to  analysing cosmological peculiar velocity d a ta  w ith  a view 
towards testing  models for s tru c tu re  form ation. T he first involves com paring the observers
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models for their d a ta  (e.g. a  sim ple dipole or stream ing tow ards a  G reat A ttrac to r) w ith 
theory. T his approach  was used by Bertschinger & Juskiewicz (1988) to  tes t the G 7  
observations. Here we shall consider a different m ethod -  using the d a ta  to  com pute a 
velocity au toco rre la tion  tensor. T he coherence length of the deviations from Hubble flow 
can be m easured and  this provides a  useful s ta tis tic  w ith  which the  predictions of galaxy 
form ation m odels can be com pared.
T he velocity au toco rre la tion  tensor has recently  been com puted for the G7 el­
liptical d a ta  by K aiser (1988b) and G roth  et al. (1989). T heir m ethods of calculating 
tvv(r ) are slightly  different and we shall argue th a t  here neither is s tric tly  ideal and th a t 
im provem ents can be found.
6.7.1 M E T H O D  OF  C A L C U L A T I O N
In order to  calculate ^u«(?')» tw o sim plifying assum ptions need to  be m ade abou t the 
large-scale velocity field. F irstly , th a t  the field is curl-free as predicted  in the g rav ita tional 
instability p icture . Secondly, th a t  i t  is s ta tistica lly  isotropic, i.e. th a t  the power spectrum  
Pv(k ) is a  function  only of the m odulus of the wave vector. If one could observe galaxies 
and access inform ation  abou t their tangen tia l m otion in addition  to their line-of-sight 
velocity then  the  calculation would be straightforw ard: sum  the dot p roduct v  • v  for all 
pairs of galaxies w ith  a  given separation  and divide by the num ber of pairs. C onstructing  
a correlation function from  line-of-sight velocity inform ation alone (u — r  ■ v ) in troduces 
geometrical functions of the  three variables which describe the location of a pair
of galaxies re la tive to  th e  observer. T he geom etry of a pair of galaxies in  the C artesian  
reference fram e is shown in Fig. 6.5.
An expression for the  correlation function can be w ritten  in  term s of the un it vectors 
describing the positions of the  galaxies. This is
<uiu2> =  P i 2 II (r)  +  5 1 2 £ ( r )  (6.26)
where
P i 2 =  rx • r , 5i2 =  iff ■ r 2  — J°i2, r  =  r i ~  r 2  (6.27)
Here n  and S refer to the “parallel” and “perpendicular” com ponents of the velocity 
correlation tensor which are re la ted  to  the fam iliar dot p roduct correlation function in
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Fig. 6 .5 : T he geom etry of a pair of galaxies used for the com pu tation  of the velocity
autocorrelation tensor
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the following way
Çvv(r ) — II +  2 E (6.28)
The scheme th a t  has then  been used by bo th  K aiser and G roth  et al. to  es tim ate  II and 
E for a given d a ta  set is to  m inim ise a  ‘chi-squared’ sta tis tic , where
The sum  is perform ed over all pairs of galaxies which fall in to  a  given bin in r , 0 , (p space. 
A weighting function  allows for the fact th a t  peculiar velocities can be estim ated  w ith 
proportionate ly  m ore accuracy for the nearby galaxies th an  their d is tan t coun terparts. 
A lternatives for Wij are discussed below.
6.7.2 A N  I M P R O V E D  C A L C U L A T I O N
6.7.2.1 A  better weighting term
The choice of w eighting function in equation (6.28) is non-trivial. Kaiser op ted to weight 
galaxy pairs equally  which is clearly the sim plest s ta rtin g  point. A  b e tte r  a lte rn a tiv e  is to 
use a w eighting scheme which minimises the  ‘fo rm al’ errors arising from noisy photom etric 
distance estim ates. T he problem  w ith this scheme is th a t  it gives nearly  all weight to  the 
very nearby galaxies and thus results in  huge errors, since one is then  predom inantly  
sampling only a  sm all region.
T he w eighting function used by G roth  et al. was the reciprocal of a  to ta l variance 
which com prised of the noisy d istance estim ate  errors added up in q u ad ra tu re  to  a  term  
which can best be though of as a  ‘th erm a l’ noise in  the Hubble flow. The to ta l variance 
was therefore w ritten  as
where o j  is th e  Hubble flow noise, r is the d istance to  the group or cluster and N  is its 
num ber of com ponent galaxies. A r represents the  fractional error in estim ated  distance, 
which G7 quote as being abou t 21%. The weighting function is then, w {j = 1  / ( a ? o j ) ,
(6.29)
(6.30)
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which follows from  the  fact th a t  if ix,- and Uj are norm ally d istribu ted  w ith  zero m ean and 
have independent errors w ith  variances o f and o f , then  the variance of their p roduct is 
just a}a) .
For th e ir calculations, G ro th  et al. kept the value of a j  fixed a t a  nom inal value 
of 250 km s- 1 . However, the Hubble flow noise has cosmic origin and is properly  a  p a rt 
of the correlation  tensor itself. An expression for Of  in term s n ( r )  and £ ( r )  can be 
calculated from  first principles and added to  th e  observational variance to  get a  m ore 
realistic w eighting function.
In order to  derive such an expression for the Hubble flow noise we first no te  th a t it 
can be w ritten  as
o )  =  {{u\u\ ))  -  ( u i u 2)2 (6.31)
and th a t we have already w ritten  down an equation for the  second term  as a function 
of n ( r )  and  £ ( r ) .  Thus we are left w ith  the problem  of how to  calculate the correlation 
function of u2(r ) .  This has been done by Rice (1954) and we sum m arise his calculation 
here.
In fact it is a  ra th e r simple calculation if we m ake the realistic  approxim ation  th a t 
peculiar velocities are norm ally d istribu ted . Consider a  random  vector r in I i  dimensions 
which has values x \ , x 2, . . . x r - T hen r is norm ally d istribu ted  when the  probability  
density of the  ads is of the  form
(2ir)~K/ 2\M |-1/2 e x p [-  ^ ad M _ 1 a:] (6.32)
where the exponent is a  quadratic  form in the ads. T he square m atrix  M  is com posed of 
the second m om ents of the ads.
(/xia /x12 . . .  M i,/A. . .  (6.33)
MiK ............................../
where the second m om ents are defined by
Mil =  (* i) ;  M12 =  (xix2), etc.
We now require the  two dim ensional d istribu tion  in  which the first variable is the peculiar 
velocity u (ro ) and the second variable is its  value u(r  +  ro) a t some distance r. This
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distribu tion  is norm al, and  has second m om ents
Mil =  (u2(r0)) = 11(0)
m 2 2  =  n (o )
M1 2  =  (u(r0)u(r  +  r0)) =  <j>(r)
Thus an  expression for the correlation function of u 2( r ) is the following
 ̂ r + oo r + oo
( u \ u \ )  = j  du\ J  duiu\u\  exp
( - ^ T ( n ° u i +  n ° u2 -  2{ vu iu 2) )
where
A 2 =  II2 (0 ) -  <f>2(r),  wj =  u(r0), u2 = u(r0 +  r) (6 .3 4 )
This in tegra l can be solved analytically, in term s of the hypergeom etric function, by 
changing variables. T he solution is
{u \u \ )  =  II2 (O) +  0 ( r , M 2 ) 2 (6.35)
giving us finally for the  theoretical p a rt of the weighting term
a 2h =  n ( 0 ) 2 (6.36)
The calcu lation  of proceeds as follows. A s ta rtin g  value of cry, say 250 km s - 1  is
assumed. T his is used to  ob ta in  a  value of 11(0) which is then  fed back in to  the  calculation 
in an ite ra tiv e  way u n til the values of £vv have converged. In practice it was found th a t 
only 3 ite ra tio n s  were necessary.
6.7.2.2 Reciprocal variance weighted distance
The next question concerns the choice of galaxy distance to  be used for estim ating  pair 
separations. T he options are to  use recession velocity or else the  noisy pho tom etric  dis­
tance. T he form er was adopted  by Kaiser, whereas G roth  et al. chose the la tte r . Clearly 
neither are ideal. A b e tte r  a lternative weights these options in the sense th a t pho to ­
metric distances are m ore appropriate  for the nearby  galaxies since they are less noisy
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whereas redsh ifts are probably  best to  use a t larger d istance for the  converse reason. A 
reciprocal-variance w eighted distance, D ' , should therefore be employed. T his is w ritten  
as follows:
where crj and  a R are respectively the Hubble flow noise and the variance on the pho to ­
m etric d istance estim ates (which, recall, proportionate ly  increases w ith  d istance) and Vz 
and Vfj  are redshift-d istance and photom etric d istance respectively.
6.7.3 R E S U L T S
Firstly, we w ant to  check how the im plem entation of these two im provem ents to  the 
calculation affect the  results. This is shown in Fig. 6 .6 .
The top d iagram  presents £vv for the G7 elliptical datase t which was com puted according 
to the p rescrip tion  given by G roth  et al.. The bin-size for counting pairs is 500 km s “ 1 
and the po in ts have been p lo tted  at the bins centres. T he b o tto m  diagram  shows 
again for th e  G7 d a tase t, b u t incorporating  the im proved weighting term  and a  reciprocal- 
variance w eighted distance. An in itia l Hubble flow noise of 250 km s - 1  was fed in to  the 
com puter p rog ram  and th is value was ite ra ted  three tim es after which the values of £vv 
had converged.
T he differences betw een these new results and the old set are m inim al, which is not 
too surprising. There is a sm all reduction  in  for the first 3 bins. Also the  error bars are 
slightly increased because the value of cry obtained from the d a ta  is m ore like 350 km s “ 1 
rather th an  th e  sm aller inpu t value.
A lthough there  are significantly fewer radio galaxies th an  in  the  elliptical sam ple, 
it is still possible to  com pute for them  by increasing the bin size for counting pairs. 
A bin size of 2000 km s - 1  was therefore used. F irst consider the d istribu tion  of pairs 
shown in Fig. 6.7. This suggests th a t greatest weight should be given to  the values of 
Zw betw een separations of 5000km s“ 1 and 1 2 0 0 0 km s“ 1. T he velocity au tocorrelation  
function is p lo tted  for the 0 . 0 1  < z  < 0.04 subsam ple of radio galaxies in Fig. 6 .8 . The 
points are consistent w ith zero correlation a t all separations up to  13000 km s“ 1.
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6 .6 : Velocity au toco rre la tion  functions for the  G7 ellipticals. T he top d iagram  used 
the Groth et al. m ethod . T he b o ttom  diagram  is for an  im proved weighting function  and 
using reciprocal-variance w eighted distance.
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F ig .  6 .7 : D istribu tion  of radio-galaxy pairs.
r (k m /s )
F>g- 6 .8 : Velocity correlation function  for the 0 . 0 1  < z  < 0.04 subsam ple of radio
galaxies.
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6.7.4 T H E O R E T I C A L  V E L O C I T Y  C O R R E L A T I O N  F U N C T I O N S
Since correlation functions and power spectra  are Fourier transform  pairs, it is a sim ple 
m atter to  ca lcu late th e  expected velocity autocorrelation  function from a  power spectrum  
specifying the  form  of density  pertu rbations in the early universe. Using the linearised 
continuity equation  given by Peebles (1980), we can re la te the density fluctuations to  the 
velocity field th rough  the  following Fourier in tegral
f o/J(r )  =  ( i W ' 2 / 8 tt3) I  P ( k ) ( k a k p / k A) e x p ( - i k  ■ r )d3k  (6.38)
This equation is used below to compute predictions for the canonical biased Cold Dark 
Matter model and for a universe dominated by massive neutrinos. An extra factor of 
exp( — k2r 2j),  with r j  equal to 4 00kms-1 is introduced into equation (6.38), to smooth out 
any small-scale, non-linear structure.
(i) Cold Dark Matter Model
The first m odel we consider is the  “canonical” i l = l  biased Cold D ark M atte r dom inated 
universe w ith  ad iaba tic  scale invariant (P  oc k ) in itia l fluctuations and the transfer func­
tion of B ardeen, Bond, K aiser & Szalay (1986). To norm alise the spectrum  we use the 
bias factor b — 2.5 required by N-body sim ulations (Davis et al. 1985). Its reciprocal is 
set equal to  the fractional m ass fluctuation in a sphere of radius 800km s_1. An a lte rn a tiv e  
norm alisation, the ‘ J 3  no rm alisation’, could have been used but the differences it m akes 
to the velocity correlations are only slight.
The theoretical predictions for this model are m arked by the bold line in Fig. 6.9. 
Correlated velocities become small w ithin the sam ple size for the radio galaxies and indeed 
also for the G7 ellipticals sam ple. Note th a t the CDM predictions are a very poor fit to 
the G7 data .
(ii) Massive Neutrinos
The second model is an D=1 universe dominated by one species of massive neutrino. The 
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Fig- 6 .9 : T heoretical velocity correlations. T he bold line is for s tan d ard  CDM. 
dashed line is for a m assive neu trino  universe.
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normalising the  spec trum  this tim e to  satisfy the J 3  in tegral constra in t (Peebles 1980). 
The dashed line on Fig. 6.9 m arks the theoretical predictions for this model. Recall from 
the in tro d u cto ry  C h ap ter th a t  neutrinos are free-stream ing dark  m a tte r  partic les. This 
explains the large correlations predicted  by this model.
6.8 Summary
Radio galaxies offer a  prom ising alternative to  sam ples of norm al elliptical and spiral 
galaxies for probing the large-scale velocity field. T heir d istan t-independent rest-fram e 
surface brightness can be used to  calibrate the ‘stan d ard  rods’ giving relative d istance es­
tim ates which carry  a  percentage accuracy of abou t 28%. T he study  of the velocity field 
undertaken in  th is C hap ter has been m arred  by the  sky anisotropy of the subsam ple be­
ing used. T his was shown to  give significant off-diagonal elem ents in the error-covariance 
m atrix  which were no t evident in  the corresponding m atrix  for an isotropised sky d is tri­
bution.
Previous calculations of the velocity au tocorrelation  tensor have been exam ined and 
improved upon by using a b e tte r  function w ith  which to  weight pairs and by using a 
reciprocal variance w eighted distance for estim ating  p a ir separations. These im provem ents 
make only a slight change to  £vv however.
Biased Peculiar Velocities
Chapter  7
7.1 I n t r o d u c t io n
In our in troducto ry  survey of galaxy form ation and cosmology, we traced back the possi­
ble origin of large-scale s tru c tu re  to  quan tum  fluctuations laid  down a t very early  tim es. 
Inflation was deemed a  desirable aspect of the evolution of the early universe, not only 
because i t  resolved some stan d ard  problem s w ith the Big Bang theory (e.g. flatness, hori­
zon), b u t also predicted  the  desired scale-invariant Harrison-Zeldovich power spectrum , 
|5fc| 2 =  A k ,  for the  in itia l fluctuations. Recall th a t  in  an inflationary  universe w ith  van­
ishing cosmological constan t (A =  0), a  density param eter of ilo =  1 is im plied. If we 
demand a  lower value, say fl0 =  0 . 2  to  m atch  observational evidence from the dynam ics of 
clusters, this requires a rem arkably fine tuning of the in itia l exponential grow th factor to 
yield a present radius of curvature of the  order of the Hubble radius (R qH 0 ~  1 ). Thus, 
there is m uch aesthetic  appeal to  re ta in  an f l0 =  1  model, despite the conflicting evi­
dence, and considerable effort has been devoted over the last decade to try  and reconcile 
this discrepancy. T he present C hapter is concerned w ith perhaps the m ost convincing 
explanation: biased galaxy form ation.
By m eans of in troduction , a short review outlining the basics of the threshold  m odel 
for biased galaxy form ation is given first. The flaws in this m odel are m ade apparen t 
and these lead us to consider alternatives, of which one of the m ost prom ising candidates 
is ‘n a tu ra l’ bias or autonom ously biased gravita tional collapse. T he present C hap ter is 
mainly concerned w ith  a  variety  of tests to check w hether there is any evidence for the 
operation of th is type of bias in the photom etric and kinem atic properties of galaxies.
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7.2 B ia s e d  G a la x y  F o rm a tio n
The value of flo is still very m uch open to  debate, m ore th an  fifty years on from  the ‘missing 
m ass’ problem  discovered by Zwicky (1933). This refers to the factor of 1 0  discrepancy 
between the  lum inous m ass in  clusters of galaxies and th a t  inferred dynam ically  from 
the v irial theorem . Lum inous m a tte r in the universe contribu tes a value of Q0 ~  0.03 
(Faber & G allagher 1979). D ark m a tte r  w ith in  galaxies, whose presence is indicated  
by flat ro ta tio n  curves, m ay increase this value by a  factor ~  3 (R ubin et al. 1982). 
Additional dark  m a tte r  between galaxies, suggested by the virial m asses of clusters and 
groups of galaxies, could increase the contribu tion  to  D0 by a fu rther factor ~  2. The 
resulting value of flo ~  0.1 — 0.2 is still short, by abou t a  factor of 5, from  closing the 
universe. T his value is also very close to  the  m axim um  baryon density  consistent w ith  the 
observed h y d rogen /deu terium  ra tio  in  stan d ard  models of cosmological nucleosynthesis 
(Yang et al. 1984). If the  surplus m a tte r needed to  bring the observed value of O0 up to 
the theoretically  preferred value of un ity  exists, i t  is therefore likely to  be non-baryonic 
and d istribu ted  m ore sm oothly th an  galaxies so as not to  conflict w ith  the v irial cluster 
estim ates. I t was this la t te r  presum ption, in particu la r, th a t  gave rise to  the notion of 
biased galaxy form ation  in which lum inous objects m ay form preferentially  in  regions of 
greater large-scale density  enhancem ent (K aiser 1984; Schaeffer & Silk 1985; U m em ura & 
Ikeuchi 1985).
7.2.1 O B S E R V A T I O N S
There are several observations which lend support to  the idea th a t lum inous m a tte r  m ay 
not be a faithful tracer of the underlying m ass d istribu tion . For exam ple, the range of 
clustering s treng ths displayed by various classes of object. It was rem arked in C hapter 
5 th a t there seems to  be a hierarchy of s tru c tu re  in the universe w ith dw arf galaxies 
occupying the b o tto m  rung of the ladder and continuing upw ards through norm al galaxies, 
radio galaxies, rich clusters and perhaps even superclusters. O ther observations which 
argue against a light-traces-m ass universe are the m orphology-density  effect (Dressier 
1980; P ostm an  & Geller 1984) for galaxies, an observed relation between the m orphology 
and topology of large-scale s tructu re  (Giovanelli et al. 1986) and the surface brightness- 
clustering re la tion  reported  by Djorgovski & Davis (1985).
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7.2.2 A M P L I T U D E  OF  B I A SI NG  IN G A L A X I E S  A N D  C L U S T E R S
Dekel & Rees (1987) have presented a simple argum ent to illu s tra te  the need for bias if 
an Do =  1 universe is to  be tenable. They consider how m ass estim ates are m ade on 
scales 10/i_ 1 M pc, where the linear approxim ation to  the  density  field is assum ed valid. 
These estim ates are based on either m odelling the infall of the Local G roup in to  the Local 
Supercluster ( l s c ) (Davis & Peebles 1983a.) or else applying a  cosmic virial theorem  to 
pairs of galaxies or to  cluster-galaxy pairs (Peebles 1986). A dopting the form er approach, 
a linear, spherical m odel for the LSC gives an  estim ate
D ~  6~l -7(3vc/ H r ) 1 7  (7.1)
where 6 is the  density  enhancem ent w ithin the Local G roup radius r, and vc is the infall 
velocity a t r  (a  value of 250 ±  50km s_1 was adopted by T am m ann & Sandage 1985). A 
further dependence is supplied by the cosmic virial theorem  defined by Peebles (1980). 
This is
D oc £ ( r ) - 1 ( « / r ) 2 (7.2)
where v is a  m ean pair-velocity and £ (r) is the  3-point spatia l correlation  function. A pply­
ing these sim ple expressions yields a  value for Do =  0-1 — 0-3- T he key po in t is, however, 
that the  num ber overdensity Sg and correlation function £g(r)  b o th  refer to  galaxies. If 
these lum inous objects are biased tracers of the m ass d istribu tion  in the  LSC,  then  the 
rms fluctuations in  galaxies will in general be different from those of the underlying m ass. 
It is conventional to  characterise this difference by the param eter
 ̂ _  0 h (8 / i_ 1 M p c)  _  1
~~ (jp(8 /i_ 1 M pc) CTp( 8 /i_ 1 M pc)
i.e. the  ra tio  of galaxy to  m ass fluctuations in a sphere of 8 L- 1  M pc rad ius, corresponding 
to a m ass scale M  =  6  x 10 1 4 D/i_ 1 M q, roughly th a t  of rich clusters. Since the  level of 
fluctuations in galaxy counts on this scale is observed to be un ity  (Davis & Peebles 1983b), 
b can be in terp re ted  as the inverse of the spectrum  norm alisation on the mass scale of 
rich clusters. Suppose then th a t , by v irtue of the linear approxim ation, galaxies are more 
strongly clustered th an  the  underlying m a tte r  such th a t  £g(r)  =  b2£p(r).  The tru e  value 
of D0, ob ta ined  from  equations (7.1) and (7.2), is then larger by a  factor b1J or b2. This 
would com ply w ith  Do if the bias param eter had the value b ~  1.5 — 3.
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For rich clusters, the  degree of biasing is m easured by com paring the  m ean cosmic 
m ass-to-light ra tio  to  the  cluster m ass-to-light ra tio . This has been quite  difficult to 
pin down observationally . E fsta th iou  et al. (1988) have analysed an extensive redshift 
survey for cluster galaxies and report a  critical value for ( M / L )  to  close the  universe of 
1500M q / L q ,  which im plies a bias B  = 5 (note the difference in  n o ta tio n  between the 
biasing factors for galaxies and clusters).
A fu rth e r in d ica to r of the  need for bias comes from  the num erical sim ulations of large- 
scale s tru c tu re  fo rm ation  in  the CDM  cosmology by Davis et al. (1985). T hey find th a t 
the pred ic ted  current-epoch correlation length  for galaxies is sm aller th an  the observed 
5/i_ 1 M pc, unless Slh < 0 .2 . T he am ount of biasing required to  solve th is dilem m a is 
consistent w ith  the  value deduced above from  the Virgo infall argum ent.
7.2.3 P H Y S I C A L  M E C H A N I S M S  F O R  B I A S E D  G A L A X Y  F O R M A T I O N
The general idea is th a t  high peaks in a  Gaussian random  field display enhanced clustering 
(Kaiser 1984; Peacock & Heavens 1985; B ardeen et al. 1986). This enhancem ent is a 
function of scale: on large scales there is a linear am plification of the correlation function 
which is independent of scale. On sm aller scales, bu t larger th an  the  m ass scale of the 
peaks them selves, a non-linear  (exponential) enhancem ent of the  num ber-density  of high 
peaks in  over dense regions arises.
K aiser (1984) has explored the observational consequences of identifying high peaks in 
the sm oothed prim ordial density  field as sites for galaxy and cluster form ation. In p artic ­
ular the observation th a t different classes of object exhibit different clustering properties 
can be understood  if these argum ents are followed th rough properly.
A basic flaw w ith  the threshold m odel is th a t the peak height (relative to  the rms 
variation of 8p /p )  has to  be fixed externally  from  num erical experim ents. In num erical N- 
body sim ulations it is hypothesised th a t galaxies form  only from regions which are > 2 .50- 
peaks of the  in itia l m ass d istribu tion  sm oothed over a  galactic scale. This a priori  choice 
results in  sim ulations which give good fits to  the observed galaxy covariance function, 
cluster M j L  ra tio  and  th e  Virgo infall.
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The m ass-light segregation invoked by the threshold model m akes the value of b 
dependent on the details of the procedure used to  identify sites of galaxy form ation. 
Using a  peak form alism  to reproduce the observed abundance and tw o-point correlation  
function of galaxies, B ardeen et al. (1986) find a preferred value of b ~  1 .7 . T his is close 
to the value dem anded by N-body sim ulations although any sm all difference is still crucial 
since there are observable quantities (e.g. pairwise peculiar velocities of galaxies and  the 
epoch of galaxy form ation) which depend exponentially on b.
So far no th ing  has been said about the physical m eaning of a  threshold  for galaxy 
form ation. If the  th reshold  m odel is to  rem ain a ttrac tiv e , a plausible astrophysical process 
which could im pede the  form ation  of galaxies below the peak threshold in the  density  field 
must be found. To shu t off galaxy form ation com pletely requires heating  the in tergalactic  
medium to  a  tem p era tu re  above 106 K. A lthough this m ay eventually happen  as a  result 
of galactic w inds, explosions and virialisation in  clusters of galaxies, the heating  would be 
most effective in  regions of high galaxy density. T he inhom ogeneity of the  heating  would 
seem unlikely to  coun teract strongly any statis tica l enhancem ent of galaxy clustering. 
More prom ising is to  look for m echanisms of suppressing s ta r form ation. For exam ple, 
one m ight envisage the  in itia l form ation of massive stars  whose explosions w ould then  
make fu rth e r s ta r  form ation  difficult and m ight expel m uch of the gas from  the galaxy 
(Larson 1974). Gas would still fall in to  a po ten tia l well produced by the dark  m a tte r, 
but would no t yield a  high surface brightness galaxy which would be counted in redshift 
surveys. T here is some doubt as to  whether this m echanism  alone can set a  sufficiently 
sharp th reshold  for galaxy form ation and moreover, our theories of s ta r form ation are not 
well enough developed to  predict w ith confidence w hat m ight happen at high redshift. 
Other feedback m echanism s to  inhibit galaxy form ation in  the lower peaks have been 
reviewed by Dekel & Rees (1987). All of these are equally uncertain.
7-2.4 N A T U R A L  O R  A U T O N O M O U S  BIAS
A prom ising a lte rna tive  to  the ‘sh arp ’ threshold model has been proposed by Kaiser 
(1988a) and discussed in some detail by Cole & Kaiser (1989). The general idea has also 
been advocated by W hite  et al. (1987) although in a ra th e r different context. Kaiser 
argues th a t  we observe only a ‘snapsho t’ of galaxy and cluster form ation and th a t low
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am plitude p e rtu rb a tio n s  are not in fact destined to  become ‘failed’ galaxies, bu t will 
eventually m ake lum inous galaxies bu t a t a later tim e. T he need to  suppress s ta r form ation  
in some objects a lto g eth er is obviated  by postu lating  a  simple varia tion  in  s ta r  form ing 
efficiency w ith  epoch. If the  non-linear dark  m a tte r concentrations (halos) are identified 
as po ten tia l sites for galaxy form ation, then a  ‘theory for galaxy fo rm ation ’ tells us how 
to assign lum inosities to  these sites. The epoch-dependency of s ta r form ing efficiency can 
be expressed in  term s of the  collapsed mass (M ) and redshift of collapse (zc) as follows
L ( M ,  zc) =  M “ ( l  +  ZcY  (7.3)
Although sim ple, there  is some hope a t least th a t  this basic characterisation  of the  ste l­
lar lum inosity  upon halo properties m ight still em body some of the ill-defined physics 
governing s ta r  form ation .
Kaiser (1988a) has shown th a t the  model results in a  positive bias for all objects. 
This is qu ite  d istinc t from  the  threshold m odel, where a positive bias for the m ost m assive 
objects was a t th e  expense of a negative bias for the least massive. A t the site of a  proto- 
cluster the abundance of galaxies per un it m ass is enhanced by a  factor B  given by
S = ( 1 + A ( 7 4)
\  A
where n is th e  effective power-law index of the density fluctuations, A c  and A g  are the 
linear values of 8p /p  on cluster and galaxy scales respectively. Notice th a t the im plied 
bias here is local. In the  threshold model this was not the case and collapsing peaks were 
required to  p ro p ag ate  m align effects over a distance to  shut off galaxy form ation from  the 
lower am plitude p ertu rb a tio n s .
The m odel is capable of reconciling the cluster M j L  ra tio  w ith ii  =  1 , provided 
B = 3 — 5 . K aiser argues th a t  such a level of bias is expected if there is a  quite rapid 
variation of star-form ing  efficiency w ith epoch, ¡3 — 2 —> 3. In addition a negative power- 
law index is needed. T hus, for n — —2 (see next section) 8p/p  oc M  «. For brigh t galaxies 
with M  typically  lO 1 2 Ai0  and clusters of M  ~  10 15M q one finds th a t A c / A g  ~  1/3  or 
it may even be as large as un ity  for rare, rich clusters. It would be surprising if large 
values of ¡3 were no t to  leave some m ark on the properties of present-day galaxies. The 
remainder of th is C hap ter is devoted to a search for such relics.
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7.3 O u t l in e  o f  th e  P r e s e n t  W ork
Tliis C h ap ter forges a  link betw een m uch of the work th a t was presented in earlier C hap­
ters. As we shall no te  in  the next Section, K aiser’s biasing m odel predicts environm ental 
offsets in  lum inosity -in terna l velocity type distance ind icator relations (except for the 
special case w hen f3 =  2, a  — 4 /3 ). From  C hapter 4 we have already discussed how to cal­
culate a p a ram ete r for m easuring the local environm ent of a galaxy. C hap ter 6  described 
how d istance in d ica to r re la tions are used to measure peculiar velocities. T his in form a­
tion equips us well-enough to  be able to  perform  a num ber of tests in  order to  search for 
evidence of au tonom ous bias by  exam ining the  properties of present-day  galaxies.
T he layou t of the  rest of th is C hap ter is as follows. Section 7.4 describes how the  fun­
dam ental p lane for galaxies can be explored for clues to  the operation  of bias. In Section
7.5 the im plications of spatia lly-m odulated  distance ind icator relations for the  in te rp re ­
tation of peculiar velocities is discussed. A large sam ple of elliptical galaxies which have 
had pho tom etric  and k inem atical observations m ade is then used to  check for system atic  
offsets. Section 7.6 considers o ther observational d a ta  -  no tab ly  for spiral bulges and 
brightest cluster m em bers which are generally located in  vastly  d ispara te  environm ents. 
Section 7.7 discusses the  results and places them  in their theoretical contex t. A short 
summary is given in  Section 7.8.
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7.4 T h e  F u n d a m e n t a l  P la n e  for E llip tica l  G a lax ies
Elliptical galaxies exh ib it a tig h t correlation betw een lum inosity L  and cen tral velocity 
dispersion a v (F ab er & Jackson 1976), which m ust reflect a rem arkable un iform ity  in 
their form ation  history . M oreover, by incorporating surface brightness / ,  so th a t all th ree 
quantities appearing  in  th e  v irial theorem  are represented, an even tig h te r fundam ental 
relation can be found. T his is the  D n -  crv re lation encountered in  the las t C hap ter, 
where D n is a  scale-length corresponding to  the d iam eter w ithin which th e  mean  surface 
brightness of the  galaxy a tta in s  some fiducial value.
In term s of au tonom ous bias it is w orth noting th a t in an unbiased, ligh t traces 
mass, universe th e  observed correlation between L  and o v can be sim ply a ttr ib u te d  to  a  
small, negative pow er law  index in the density fluctuation spectrum  (B lum enthal et al. 
1984). For exam ple, in C D M ,  the spectral index is close to —2 on galaxy scales. T hus, 
the rm s varia tion  of 8 p /p  when sm oothed w ith a box containing a galactic m ass M  will 
vary as 8p/ p  oc M -1 / 6. T he final density of the system  at collapse varies as the cube 
of the in itia l p e rtu rb a tio n  am plitude, i.e. as M -1 / 2. Invoking the v irial theorem  then 
gives M  oc a*.  T his corresponds to  values of a  = 4 /3  and ¡3 = 2 in  equation  7.4. The 
theoretical p red ic tion  bears a  strong resem blance to  the observed Faber-Jackson relation . 
It is also possible to  derive the form of the D n -  a v relation from first principles bu t no 
assum ptions ab o u t the in itia l hierarchy are required. It follows directly from  the  fact th a t 
all bright ellip tical galaxies have surface brightness d istributions which approx im ate  de 
Vaucouleurs law  when p ro jected  on the sky and th a t the m ass-to-light ra tio  of their inner 
parts are very nearly  constan t (G unn 1988).
W hat clues, if any, m ight the fundam ental plane yield to  aid us in our search for 
evidence of au tonom ous bias? There are essentially two aspects of the plane th a t  are of 
interest. These are (i) the  d istribu tion  of points on the fundam ental plane, and (ii) offsets 
in the equation  of the fundam ental plane and whether these correlate w ith environm ent. 
The first of these has been addressed by Peacock (1990) and his results will be discussed 
briefly la ter. T he present work is concerned m ainly w ith the second, which we now discuss
7.4 T h e  Fundam ental P lane for Elliptical G alaxies 182
in some detail.
7.4.1 O RI G I N  OF  S Y S T E M A T I C  O F F S E T S
The abundance of galaxies per u n it mass inside a cluster is enhanced by a  factor B  in 
response to  long w avelength density  pertu rbations. This enhancem ent is p roportional to 
P, which governs the ra te  of s ta r  form ation, through the following relation  which is valid 
in the linear regim e only
]J  —  ____________^ _______________^ B  I n  r \
( a  — (n  +  3 )/?/6 ) A o b j  
where n  is th e  index of the  power-law  density  fluctuation spectrum  and A o b j  is the 
initial density  p e r tu rb a tio n  for an  ob ject subject to  the m odulating influence of the long- 
wavelength p ertu rb a tio n .
As a  specific exam ple, consider the unbiased case of ¡3 = 0. A pro to-galactic ob ject 
subject to  a  positive long-w avelength swell will have its  collapse redshift, and therefore its 
internal velocity, enhanced. T he lum inosity, however, by definition rem ains unchanged. 
Thus in regions of the  universe which are now overdense one would expect to  find less 
luminous galaxies a t a  given velocity dispersion.
S ystem atic offsets are also a  feature of models w ith  a high degree of bias, i . e .  f3 >  2 . 
The prediction here though  is th a t  galaxies of a  given in terna l velocity dispersion will 
be b righ ter in  overdense regions of the universe. This begs the question why an earlier 
collapse should give rise to  a  b righ ter galaxy? Some of the options have been discussed 
by Cole & K aiser (1989). M ost com pelling is the idea th a t one can form  m ore stars  per 
unit m ass of gas in  deeper p o ten tia l wells (Larson 1974; Dekel & Silk 1986).
A fu rth e r in teresting  case is the one for which a  =  4 /3 , p  =  2 whereupon all galaxies 
lie along a  universal L  — cr* re la tion  w ith  no intrinsic sca tte r and no system atic offsets. 
This choice has been explored in num erical sim ulations (W hite  et al.  1987; C arlberg  
& Couchm an 1989) in which galaxies above a  lum inosity lim it are identified w ith  the 
dark m a tte r  halos w ith  ro ta tio n  velocities above a  corresponding threshold. A lthough 
appealing, K aiser (1988a) has rem arked th a t this particu lar choice of param eters seems 
to imply too weak a  bias.
The argum ents presented  here suggest th a t for reasonable values of the param eters
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one m ight expect to  find system atic offsets in the Faber-Jackson relation  b u t no t for the 
Dn — a v re la tion . However it is still im p o rtan t to  test for offsets in the la tte r , since the 
biasing m odel under stu d y  is only ra th e r simple and offsets in D n -  a v m ay well be an 
inherent fea tu re  of some m ore realistic model.
7.5 B ia se d  P e c u l ia r  V e lo c it ie s
7.5.1 I M P L I C A T I O N S  OF  O F F S E T S  F O R  P E C U L I A R  V EL OCIT I E S
If system atic offsets were present in  the Faber-Jackson and D n -  cr„ relations then  their 
application as galaxy distance indicators would lead us to  question the  reality  of large- 
scale stream ing  m otions. T he tac it assum ption th a t is m ade when these re la tions are 
used as galaxy d istance ind icators is th a t  they are universally valid and apply as equally 
to poor groups of galaxies as they  do to  the richest of clusters. Clearly, th is assum ption 
m ust break down a t some level especially if we are to  hold on to  the general belief th a t  
galaxy fo rm ation  consists of a  series of dissipative m erging and infall processes, m ost of 
which can be conditioned by the  large-scale environm ent {e.g. Silk & N orm an 1981; Silk 
1987).
T he im plications of system atic offsets for an in terp re ta tion  of the large-scale velocity 
field have been rem arked  upon by several au thors (Kaiser 1988b; Djorgovski, de Carvalho 
& Han 1988; Silk 1989). In term s of the simple biasing m odel discussed earlier, offsets 
in the L — a v re la tion  are a  feature of all bu t the special case for which a  =  4 /3 , ¡3 = 2 . 
In the unbiased /? =  0 model, one would infer a sm aller Hubble constan t in regions of 
dense environm ent. T he converse would be true  if a  high degree of autonom ous bias 
(/? ~  3) were operating . T he la tte r  case has a  particu larly  intriguing consequences for an 
in terp re ta tion  of peculiar velocities and this is illustra ted  schem atically in  Fig. 7.1.
The sketch depicts a  hypo thetical situation  in  which an observer’s peculiar m otion is driven 
by the overdensity shown. A boundary  has also been drawn w ithin which the observer 
can reliably es tim ate  photom etric  distances. In a super-naturally  (high-/?) biased universe, 
galaxies in the  dense region are brigh ter (or bigger) than  the application of a  universal
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7.1: A schem atic diagram  (reproduced from  Kaiser 1988b) showing how an
observer in a  ‘su p er-n a tu ra lly ’ biased universe m ight conclude th a t the overdensity re­
sponsible for his own peculiar m otion is itse lf being pulled in a direction away from  the 
observer by a m ore d is tan t ‘p h an to m ’ a ttra c to r.
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Faber-Jackson or D n — a v re lation  would predict. Thus one m ight be led to  infer th a t  
the peculiar velocity of the clum p, in the same sense as th a t  of the observer, was being 
induced by  a m ass concentration  a t greater depth. Such an im plied m ass concentration  
is of course illusory. K aiser has likened the situation  to  th a t which we appear to  observe: 
a rich concen tration  of galaxies in the Hydra C entaurus region being pulled by a m ore 
massive and  d is tan t “a ttra c to r .”
T his Section is devoted to  a test for offsets in the D n -  a v and L -  a v re la tions for 
a large sam ple of ellipticals. This is none other th an  the ‘Gang of Seven’ database . The 
fact th a t  th is sam ple has been used extensively to  m ap the peculiar velocity held w ith 
some surprising  results gives these tests an added im petus.
7.5.2 O B S E R V A T I O N A L  D A T A B A S E
This com prises optical d a ta  for the large sam ple of ellipticals used by the  G ang of Seven 
(Lynden-Bell et al. 1988) to  study  the local velocity held. In the sense th a t  the  G7 
sample contains galaxies which occupy a range of environm ents from iso lated  held galaxies 
through to  rich  cluster m em bers, it  is well-suited to  tes t the  predictions of n a tu ra l bias 
models. Its  m ain  dehciency, however, lies in its  shallow depth. T he advantage of a  deeper 
sample is th a t  on larger scales, any system atic effects present in  the d a ta  would probably  
swamp the  real peculiar velocities and thus have been m ore easier to  detect.
The da tab ase  was kindly provided by David B urstein in m achine-readable form. It 
lists heliocentric rad ia l velocities, peculiar velocities relative to the CBR, galaxy coordi­
nates and D n & a v for some 385 elliptical galaxies. In addition to  this set of param eters 
the to ta l blue m agnitude B t  for each galaxy was ex tracted  from B urstein et al. (1987) 
and added to  the  list. A value of A ge, B ge and associated errors were com puted for each of 
the ellipticals using the Lick catalogue for objects n o rth  of 6 =  —23° and the Abell cluster 
catalogue to  get a rough estim ate for galaxies south of this declination. T he m ethod used 
was identical to  th a t described in C hapter 4 using the same set of values for the param e­
ters H 0,(f>* etc. T he resulting  values of A ge & B ge are tab u la ted  in A ppendix D, together 
with some o th er details abou t the sample.
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Firstly, consider the  D n -  a v relation. The observed angular sizes for each galaxy were 
converted in to  tru e  physical sizes by correcting observed redshifts for peculiar m otions. 
In view of the  po in ts m ade in the last C hapter abou t which way round to  do a  regression, 
av was regressed on D n since it is the la tte r  quan tity  th a t  contains the observational 
selection. T he d a ta  are shown in Fig. 7.2 together w ith a least-m ean squares fit.
The equation  of this best-fitting  line is
log 1 0 tr„ =  1.89 ±  0.01 +  (0.64 ±  0.02)log1 0 D n (7.6)
where the  u n its  of D n are kiloparsecs (H 0 = 50km s_1 M pc).
I t is th e  sca tte r  abou t D n —a v and in p articu lar w hether it correlates w ith  B ge, ra th e r 
than the equation  of the  line th a t  is of m ost in terest however. Fig. 7.3 plots D n residuals 
against B ge for all 385 elliptical galaxies. There is little  evidence for any system atic  trend  
in the d a ta . T his is confirmed by an insignificant value ( r  =  0.04) for the  Spearm an Rank 
Correlation Coefficient.
One can conceive of two reasons for why any po ten tia lly  weak signal in  the  d a ta  as 
it has been presented  in Fig. 7.3 m ight be masked. One, is the inclusion in  the elliptical 
sample of nearby  galaxies inhab iting  the so-called ‘local anom aly’ -  this is a region w ithin 
2500 km s- 1 , discussed by Faber & B urstein (1988), in  which the  m otions of galaxies are 
confused by irregu lar g rav ita tional a ttrac tio n s  induced by nearby visible m a tte r . Also, the 
low values of B ge in troduce noise and this m ay also be partia lly  responsible for m asking 
any weak signal. I t is b e tte r  to  bin the d a ta  in B ge to  help reduce th is noise. T he effects 
of avoiding the  local anom aly region and binning in B ge w ith a  bin size of ten  un its and 
plotting po in ts a t the bin centres is shown in Fig. 7.4
Still no significant correlation is revealed. One m ust conclude then th a t, on the basis 
of this evidence alone, the D n -  a v relation is an effectively unbiased distance indicator 
relation as the  sim ple bias m odel has led us to  expect.
N ext, consider the L - a v relation. From the fc-corrected and ( 1  +  z ) 4 corrected values 
°f B t , absolute m agnitudes were com puted for each galaxy, again pertu rb ing  redshifts
7 . 5 . 3  R E SUL TS
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lo8ioDn /  h 1 kpc
Fig« 7.2: T he D n — a v re la tion  for the G7 elliptical galaxies. D n represents the d iam ­
eter within which the  m ean blue surface brightness of the galaxy is 20.75 m ag.arcsec2. 
Redshifts have been p ertu rb ed  w ith peculiar velocities appropriate  to each galaxy. A 
least-mean squares fit to  the  d a ta  has been shown.
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Fig. 7 .3 : D n residuals, in the sense D 0bs — D pred, for each of the ellipticals p lo tted
against am plitude of their spatia l cross-correlation function B ge.
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Pig- 7.4: As for Fig. 7.3 bu t w ith  galaxies lying w ithin the ‘local anom aly’ om itted
and the d a ta  has been binned in B ge.
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for a m easured peculiar velocity. The d a ta  are show in Fig. 7.5 fitted  w ith  a least-m ean 
squares s tra ig h t line.
T he equation  of th is line is
logio^v  =  0.316 ±  0.007 -  (0.1 ±  0.004)M b (7.7)
As before, i t  is the  offsets abou t this line th a t are of in terest. M agnitude residuals (in the 
sense M obs -  M p[ed) are p lo tted  against B ge in Fig. 7.6.
Surprisingly, there  is still no evidence for a  correlation. T he d a ta  were ‘cleaned’ in an 
identical m anner to  th a t  described above for the D n -  a v re lation  and the effect of doing 
this is illu s tra ted  in  Fig. 7.7. Again, no signal is unm asked. A discussion of these results 
is reserved till Section 7.7 un til after an opportun ity  has been taken  to  exam ine some 
further d a ta .
7.6 S p ira l  B u lg e s ,  B C M ’s and R a d io  G a lax ies
The resu lts from  the  las t Section appear to  argue against any system atic, environm ent- 
dependent offsets in  the  d istance ind icator relations for elliptical galaxies. A ny signal 
we m ight have expected to  find would of course have been weak, especially for relatively 
nearby galaxies where offsets due to  real, gravitationally-induced peculiar m otions m ight 
be expected to  dom inate over any spurious m otions driven by offsets in the distance in ­
dicators. In th is Section we will focus our a tten tion  onto classes of astrophysical objects 
which occupy extrem e environm ents. For example, SO galaxies which are generally found 
in isolation or often  well away from the centre of clusters. Also, radio galaxies and B righ t­
est C luster M em bers (B C M ’s) which typically inhabit some of the richest of environm ents 
in the universe.
7.6.1 S P I R A L  B UL G ES
It is well-known th a t there is a zero-point shift in the Faber-Jackson relation  for SO bulges 
relative to  ellip tical galaxies (W hitm ore & K irshner 1981, Dressier & Sandage 1983). 
Originally it was th ough t th a t  this effect m ay be related  to  the presence of bars or the 
inclination of these system s (K orm endy & Illingworth 1983). However, the  D n — a v
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Pig- 7.5: Faber-Jackson  relation for the G7 ellipticals. Absolute m agnitudes have been
determined from  the tab u la ted  values of cosmology-corrected apparen t blue m agnitudes 
wkh redshifts p e rtu rb ed  for the observed galaxy peculiar velocities. A least-m ean squares 
fit to the d a ta  is shown.
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Fig. 7 .6 : M agnitude residuals abou t the Faber-Jackson relation  ( M 0bs -  M prec|)  p lo tted  
against B ge.
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F'g- 7 .7 : As for Fig. 7.6 but w ith  galaxies lying in the Local Anom aly removed and
the data has been binned in B ge.
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relation for ellip ticals proves also to be an excellent fit for the spiral bulges (D ressier 
1986), suggesting one seeks an a lternative  explanation. One such explanation  m ay be 
th a t au tonom ous bias has operated  on these systems.
Figs. 7.8 and  7.9 plot the Faber-Jackson relation and D n — a v re lation  for elliptical 
galaxies and  sp iral bulges in the Com a cluster, where the d a ta  has been taken  from 
Dressier (1986). Since the  SO galaxies inhabit poorer environm ents th an  their elliptical 
galaxy co u n terp arts  on average, the autonom ously biased g ravita tional collapse scenario 
tells us th a t  for the  high values of (3 one should expect the SO galaxies to be offset to 
fainter lum inosities re la tive to  ellipticals a t a given value of a v: this is w hat is observed. 
For spiral bulges then  we m ay be seeing some evidence for the operation  of autonom ous 
bias and  th is dem ands a m ore careful study. T he m ain question is: to  w hat ex ten t, if any, 
do the  con trasting  disk and elliptical galaxy in terna l dynam ics d ic ta te  the  position  of the 
galaxies on th e  L  — a v plane? This issue needs to  be considered in fu rther detail before 
the offsets can be a ttr ib u te d  to  the operation  of natural bias.
7.6.2 B R I G H T E S T  C L U S T E R  M E M B E R S
B rightest C luster M em ber galaxies have also been shown to deviate from  the canonical 
L — a* re la tio n  traced  by norm al ellipticals (M alum uth & Kirshner 1985). T he offsets are 
in the sense th a t  B C M ’s are sytem atically  brighter a t a given a v th an  norm al elliptical 
galaxies. T he effect is clearly illu stra ted  in Fig. 7.10 although there are only a  few objects 
on this d iagram . N ote th a t  they have an alm ost identical I  -  a v — R  to  norm al ellipticals.
Again, the  offsets are in the right sense to be a ttrib u ted  to autonom ous bias since the 
m odulating effect of cluster-scale pertu rbations is to  m ake galaxies appear b righ ter a t a 
given a v. W h a t abou t the  D n -  a v re lation for B CM ’s? It has been noted by Hoessel 
(1987) th a t th is re la tion  is essentially identical to the one for norm al elliptical galaxies. 
Similarly to  the way in which one could conceive of alternative explanations for the offsets 
seen in SO bulges, there is a  ready explanation for the cause of the offsets in the BCM 
L - a v re la tion . It m ay be th a t  we are simply seeing the evidence for a past m erging history  
for B C M ’s in  which tidal accretion was probably im portan t. The idea is th a t when one 
galaxy m erges w ith  ano ther then the in ternal velocity of the system  is unchanged but
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F ig . 7 .8 : Faber-Jackson re la tion  for SO galaxies in  Coma. T he dashed curve represents 
the  re la tion  for a sam ple of elliptical galaxies in  the cluster.
lo g  Dn (2 0 .7 5 )
Fig. 7 .9: D n -  cxv re lation for spiral bulge galaxies in Com a (d a ta  taken from Dressier
1986). T he line m arked is the least-m ean squares fit to  the D n — a v relation for a sample 
°f elliptical galaxies in Coma.
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Mv
Log R„ (pc)
Fig- 7 .10: Faber-Jackson re la tion  for B rightest C luster M ember galaxies (unfilled cir-
des) com pared to  the canonical re la tion  for norm al elliptical galaxies d a ta  taken  from 
Malumuth & Kirshner 1985). T hey have an I - a v -  R  relation which is alm ost identical 
to that for norm al ellipticals however.
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there is an  increase in lum inosity  (M errit 1984). This can explain the observed deviations 
of B C M ’s from  the  norm al elliptical L  -  a v relation.
7.6.3 R A D I O  G A L A X I E S
There is ten ta tiv e  evidence, based on only a few objects, th a t radio galaxies also deviate 
from the  norm al galaxy L  -  a v relation. T he d a ta  is shown in Fig. 7.11, reproduced from 
Samson (1987). Since radio galaxies typically occupy richer environm ents th an  norm al 
ellipticals, these observations again m ake sense if they are viewed in term s of autonom ous 
bias.
7.7 Discussion
The observational d a ta  presented  in this C hapter seems to  favour d istance ind icato r re­
lations which are m anifestly  not spatially  m odulated  as a result of the operation  of au ­
tonom ous biasing. A lthough the  offsets abou t the L ~ a v relation  for spiral bulges, B C M ’s 
and rad io  galaxies are in  the  righ t sense to  be explained by autonom ous bias, a lternative  
explanations can easily be found.
Before moving on to  consider w hat one m ight have expected to  find for a  reasonable 
choice of param eters in  the  simple bias model it is w orthw hile collating some of the o ther 
observations. These all argue against system atic offsets in the distance ind icator relations.
F irstly , the  G ang of Seven elliptical galaxy d a ta  was also considered by Djorgovski, de 
Carvalho & H an (1988) although not in the context of autonom ous bias. T heir approach 
was to exam ine the six m ost populous clusters in the sam ple (these are no ted  in the 
Appendix D) for correlations between their D n -  a v slope and various p aren t cluster 
properties such as richness and velocity dispersion. T he d a ta  are listed in Table 7.1. and 
slopes have been p lo tted  against cluster richness class in Fig. 7.12. Note th a t a  ‘universal’ 
slope of 1.2 was adopted  by G7 to  derive peculiar velocities.
Although six clusters present only poor sta tis tics , there is evidence for a dependency of 
slope on richness. Djorgovski, de Carvalho & Han derive a Spearm an Rank Correlation
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Fig. 7.11; Faber-Jackson re la tion  for radio elliptical galaxies (unfilled symbols) com ­
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Coefficient of —0.62. F urtherm ore, one can divide the galaxies in  each cluster in to  inner 
and outei sub-sam ple and look for correlations between the difference in slopes and in te r­
cepts w ith  the p aren t cluster properties. The system atic trend  w ith richness is stronger 
for galaxies in  the cluster cores, where the in teractions dom inate, and is weak or absent 
in the cluster envelopes. Djorgovski, Carvalho & Han did no t, however, consider the 
variation  Faber-Jackson slopes w ith cluster richness which is m ore relevant for testing 
autonom ous bias as we have seen earlier. The slopes are tab u la ted  in  Table 7 . 1  and the 
d a ta  are p lo tted  in  Fig. 7.13
The d iscrepant po in t corresponds to A2199 at a d istance of 9150 km s- 1 . There is clearly 
no evidence of any correlation and this is borne out by the Spearm an Rank C orrelation 
Coefficient which has a value of only 0.38 and 0 .2 1 , w ith and w ithout the inclusion of 
A2199, respectively.
E arlier, the  d istribu tion  of points abou t the fundam ental plane was m entioned as a 
possible diagnostic of autonom ous bias. In fact, Peacock (1990) has suggested th a t n a tu ra l 
bias m ight a lter the expected locus of points on the fundam ental plane. He considered 
a general m odel for g rav ita tional collapse in which a clear d istinction  between baryon 
and halo properties was made. The result of Peacock’s analysis is th a t  an unbiased  s tar 
form ation seems the  m ost likely for elliptical galaxies, his argum ent being th a t if an epoch- 
dependent s ta r  form ation  did operate then a  ra th e r contrived dependence of baryonic mass 
and collapse facto r on halo m ass and redshift are needed to  reconcile the equation of the 
fundam ental plane w ith  the small sca tte r of points abou t the plane.
A nother piece of evidence which, a t first sight, suggests th a t system atic offsets in 
the d istance ind icato r relations m ust be very small is the following. The C om a/V irgo 
cluster d istance ra tio s derived independently  using D n -  a v and Tully-Fisher relations are 
in good agreem ent, despite the quite extrem e difference in richness of these two system s. 
In fact this is a  ra th e r weak argum ent since it m ay well be th a t the two relations are 
based on a  very sim ilar physics, perhaps w ith an identical dependency on environm ent. 
Burstein (personal com m unication) has also examined the spiral galaxy database  compiled 
by A aronson et al. (1982) to  look for system atic trends in their derived peculiar m otions 
with 21cm HI deficiency. This la tte r  m ay be thought of as a diagnostic of local environm ent 
since it  is known to be correlated w ith  distance from the centre of a cluster (K raan-







Fig. 7 .1 2 : D n — a v slopes for the  six m ost populous clusters in the G7 sam ple p lo tted  
against their Abell richness class.
Richness class
pig- 7 .13 : Faber-Jackson slopes for the six m ost populous clusters in the G 7 sam ple
Plotted against their Abell richness class. The m ost discrepant point is for the cluster 
A2199.
Richness class
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We now tu rn  again to  the simple model and examine more clearly how the dependency 
of system atic  offsets on B gg, the am plitude of the spatial cross correlation function , arise. 
In this way it is possible to  check w hat lim its the observations presented in this C hap ter 
impose on the  m odel param eters.
7.7.1 C O N S T R A I N I N G  T I IE  SI MP LE  BIAS MODEL
To get som e idea w hat one m ight have expected to detect for reasonable values of the 
param eters, consider again the  effect of a long-wavelength density  p e rtu rb a tio n  upon a 
pro to-object. This can be expressed as
L,L' = { 1 + ^ ) ‘> (7-8)
whereby the  long-w avelength pertu rbation  A c  has been added to  the in itia l G aussian 
random  field. I t was rem arked earlier th a t the prim ary  effect is to  enhance or re ta rd  
the collapse tim e of objects and hence modify their lum inosity  according to  th e  above 
equation. If we now invoke the  requirem ent th a t the objects satisfy a  lum inosity  - velocity 
dispersion re la tion  X oc cxj, then  th is produces the following constra in t
a  — (n + 3)/?/6 =  7 ( l  — n )/1 2  (7.9)
upon th e  free param eters . Demanding th a t a  satisfies equation (7.9) and th a t /? — q /2 , 
then all of the  objects lie exactly on on the X -  a v relation. It is clear th a t models w ith 
P ^  i ¡2  do not give a universal X -  a v relation, bu t one which exhibits a system atically  
varying zero-point w ith  correlates w ith richness of environm ent according to
(A ln X )^  =  (/? -  7 /2 )ln  ( l  +  (7.10)
W hat then  m ight we expect the m agnitude of these offsets to  be in view of recent ob­
servations of cluster m ass-to-light ratios? Consider the earlier expression for S , the en­
hancem ent in the specific lum inosity density of a virialised system
6g
/  A  \  6 a - ( n + 3 ) / 3
, . ( l + £ )  (7.11)
Substitu ting  from  equation (7.9) yields
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S ubstitu ting  from  equation  (7.9) yields
A  \  - K l - r . )
5 = ( 1 + 4 J  (7^ )
For an  assum ed 7  =  4 and n =  - 2  one thus finds th a t
l  +  ^  =  3.2 ( 5  =  1 0 ,/? = 2 )
^ a
1 +  =  1-3 {B = 5,(3 =  4)
^ a
It is therefore evident th a t for reasonable values of the param eters, ln ( l  +  A c/ A (;) should 
be of the  order of u n ity  and one would expect to see large offsets in A L / L  for ¡3 ^  7 / 2 .
To quan tify  th e  effect fu rther it is again possible to appeal to observations and  get 
estim ates for A c and  A g. Since overdensities grow inversely as ( 1  +  z ) _ 1  and  freeze out 
at A ~  1 one can w rite
A £ = l  +  Zy(c)
A,  1 +  zf (g) ( ‘ j
where 2 7 (c) and  z j (g )  are th e  form ation redshifts for clusters and galaxies respectively. For 
clusters, th e  observed q u an tity  is a num ber excess of galaxies w ithin some fiducial radius. 
An expression can be derived for this in term s of the am plitude of the sp a tia l cross­
correlation function  B gg», which has been calculated in  this thesis by counting galaxies 
within a  lM p c  rad ius of the source location. For the simple case in which the  correlation 
function can be in teg ra ted  over a sphere in three-dim ensional space
A N I  PB ga. r - l l l d V  (7.14)
which for a counting radius of lM pc reduces to
47T
A N  =  ( 7 - 1 5 )
Of course, by counting galaxies one is looking at the light which we have argued in this
C hapter is p robably  no t a  faithful tracer of the underlying mass d istribu tion . T hus the
density co n tra s t is given by
A < ™ >
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For rich clusters, e.g. C om a for which B gg« ~  1000, the form ation redsliift is quite recent. 
For B  =  5 one finds z j  = 1.3 and for B  = 10 then z j  — 0 .8 . The form ation  redshift for 
galaxies however can only be estim ated  from indirect means, m aking using of the observed 
values of B.  Consider the  ra tio  A c/ A g. The num erator depends on the richness of the 
cluster w hereas the denom inator is assum ed fixed. Thus let us suppose th a t
^  *  B \ r  ( 7 -!8 )^ 9
Then from  equation  (7.12) we can w rite
1 /•) 12/3
B  = {l + x B g/g. ) ^ ~ ^  (7.19)
For an  assum ed 7  =  4 and  n  =  — 2 one can calculate the following values of x  for the  two 
preferred values of B  = 5 and B  =  1 0 ,
x = 0.22 (B  =  10, /? =  2)
x  = 0.03 ( 5  =  5,/? = 4 )
Defining B cr¡t , a  critica l value for B,  equation (7.10) can be w ritten
(A in L U  = ( P -  7 /2 )ln  ^1 +  j  (7.20)
where B cr¡t can range roughly between 1 0 0  -  30000. Clearly the observations of M / L  
ratios of clusters does no t provide a  very sensitive constra in t on the  form ation  redshift 
of galaxies. T he am plitude of the predicted offsets are shown p lo tted  in  Fig. 7.14 for a 
specific case of ¡3 =  4, for the  two extrem e values for B cra.
A num ber of rem arks concerning equation (7.20) are pertinen t. F irstly , no te th a t  large 
values of /? reduce the  value of x.  This has the effect of m aking the offsets in A L / L  m ore 
similar w hatever the  value of /?. Secondly, it  is in teresting to  examine the behaviour of 
equation (7.20) in the lim its of small and large values for x. For x  small one can w rite
B  -  1 ~  1 0 0 0 1 / 3 a: 12/3 (7.21)
7 ( 1  -  n)
and hence
A L / L  ~  x B lJgl(P  -  7 / 2 ) < ? ( / ?  -  (? '22)
A
in
7 . 7  D is c u s s io n 2 0 3
(3=4
7.14: A m plitude of offsets ab o u t the L — a v re la tion  of slope 7  — 4 as a function
of Bgg- for the extrem e values of 5 crit, 100 and 30000 indicated  by the bold and dashed 
taes respectively, and a value of f3 — 4
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For [3 >  1, one finds that A L / L  ~  0 .45^?
In the  converse case of large £,
B  ~  (zlOOO1/ 3)  7 ( 1  n) (7.23)
and thus
A ln i  =  ( / ? -  7 /2 )  ( ln Z ? ^  +  lm r)
=  (/? -  7 / 2 ) ( in B lJgl  +  In
10001/3
For p  >  1 , A in  A ~  p l n E 1/ * .
The observations presented in this C hapter suggest a value of /? abou t equal to  two, i.e. 
no sca tte r abou t the L — a v relation. T he im plications of this are now briefly assessed.
7.7.2 I M P L I C A T I O N S  OF  NO E V I D E N C E  F O R  BIAS
The resu lts presented in this C hap ter im ply th a t lum inosity-internal velocity type distance 
indicators are effectively unbiased. In the context of autonom ous bias this arises when 
P — 2  and  a  = 4 /3 . Earlier, we argued th a t  this appeared to  be an  unreasonable choice 
of param eters since it im plied too weak a  bias. An inspection of equation  7.12 shows th a t 
the ra tio  of cluster to  object density contrasts needs to be of the order of un ity  to get 
an acceptable value for B .  This implies th a t galaxies form only slightly less earlier th an  
clusters. Such a la te  form ation epoch for galaxies is a  critical feature of CDM  num erical 
sim ulations. U nfortunately  though th is picture is a t odds w ith the one th a t emerges from 
the sta tis tics  of the  in itia l pertu rbations. Here, the rm s fluctuations on galactic and cluster 
scales respectively are d iscrepant by a factor 6 . This m eans th a t pertu rbations of sim ilar 
am plitude to  those th a t m ade clusters would form objects a t 1 +  z ~  6 . W orking fully 
through this w ith  the  Press-Schechter m achinery yields the result th a t these objects have 
about the  right abundance and velocity dispersions as ordinary bright galaxies, although 
the num ber of objects a t any a v rem ains constant to much la te r times. The im plied bias 
of A c l / A o d j  ~  1 / 6  is too sm all to  reconcile the cluster m ass-to-light ra tios w ith closure 
density. If n a tu ra l bias fails to work, w hat are the m ost physically realistic options for
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solving tlie cluster M / L  problem ? The m ost prom ising candidate appears to  be dynam ical 
friction which m ay be efficient a t producing a  segregation between light and m ass in the 
non-linear environm ent provided by the cluster and its  subunits. This is discussed fu rther 
by Hoffman et al. 1982, B arnes 1983, E vrard  1987 and especially West & R ichstone 1988.
7.8 S u m m a ry
A simple m odel for biased galaxy form ation has been exam ined, in which the non-linear 
dark m a tte r  clum ps are identified as sites for galaxy form ation and a lum inosity  is assigned 
to these sites w hich depends upon some power of their collapse redshift. For reasonable 
choices of th e  p aram eters , th is m odel predicts th a t  objects lying along the L  — a v plane 
should be offset from  the  m ean line and th a t the  m agnitudes of these offsets should 
correlate w ith  their environm ent. The observations am assed in  this C hap ter argue against 
such offsets. I t rem ains to  be seen whether these can be found for a  deeper sam ple where 
one has a b e tte r  chance of seeing them  because, if p resent, they would swam p any real 
peculiar velocities which would likely be very sm all on large scales. This m ight be a 
promising, albeit observationally very dem anding, area for fu ture research.
Concluding Remarks
C h ap ter  8
This final C hap ter sum m arises a  few of the m ain results th a t have been obtained  and 
suggests, w hat seem to  the au thor, to  be a few prom ising directions for fu ture research.
To begin w ith  let us recall the principal m otivation for this thesis. I t was basically 
th a t, a t the  tim e of its conception, m ost existing observations of large-scale clustering 
and stream ing m otions in  the universe were in conflict w ith  each o ther a t some level. 
This unsatisfac to ry  sta te -o f affairs was probably alm ost entirely  due to  the com plicating 
effects of system atic  biases in  the optically-selected sam ples of galaxies th a t had been 
used exclusively for probing the cosmic structu re . It was therefore judged to  be too 
prem ature ju s t yet to  reject theoretical models for galaxy form ation, which observations 
of clustering and stream ing can poten tially  d iscrim inate between, sim ply on the basis of 
these observations alone.
T he prospects for achieving a more consistent p icture look good. Specifically, a re ­
liable estim ate  of the cluster-cluster correlation function should be forthcom ing w ithin 
a year or tw o’s tim e. In fact three independent m easures seem likely. Two groups are 
presently working on a  redshift survey of clusters which have been selected in an au to ­
m ated way by applying special cluster-finding algorithm s to  m achine-based galaxy surveys 
(Collins, personal com m unication). In addition, the X -ray satellite, ROSAT, will conduct 
an unbiased all-sky search for clusters and this database  will form an excellent basis for a 
s tatistica l study  of clustering.
In the in te rm itten t tim e, it was argued th a t a sam ple of radio elliptical galaxies 
might be able to  shed some light on the issue of clustering and stream ing m otions. An 
all-sky sam ple com prising effectively all the radio galaxies w ithin a redshift of one-tenth  
was therefore com piled from  the various radio surveys and this approxim ated a  com plete 
sample down to a  flux-density lim it of 0.5 Jy  a t 1.4 GHz. A considerable observational
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effort was then  m ade to  acquire CCD fram es for the sam ple and spectroscopic redshifts.
T he m ain  applications of the all-sky sam ple in this thesis were tow ards the large-scale 
stru c tu re  of the universe. As a consequence, C hapter 4 was really only able to  touch the 
surface of w hat can be poten tially  learned abou t radio galaxies from the observational 
database th a t had  been assembled. In particu lar, one of the m ost in trigu ing  questions 
th a t one could wish to  ask about radio galaxies -  nam ely, why they are active -  was not 
addressed in  any  deta il a t all. This presents one of the key areas for fu tu re  applications 
of the  all-sky sam ple. I t is likely th a t an answer to  the  above question m ay hinge around 
the im p o rtan ce  of in teractions an d /o r m ergers during the evolution of radio galaxies and 
whether these can trigger non-therm al nuclear activ ity  (Sm ith  & Heckm an 1989). To 
answer th e  first of these questions, the CCD images of the radio galaxies need to  be 
exam ined in  g rea te r detail th an  th a t described in C hap ter 4. A study  of the  prevalence of 
isophote tw isting  or d istortions and the presence of close com panion galaxies are im p o rtan t 
in th is contex t. T h e  optical properties of the radio galaxies could then  be com pared w ith  a 
sim ilar set of properties for a  control sam ple of radio-quiet ellipticals spanning an identical 
redshift-range to  th e  radio  galaxies. Perhaps the ‘Gang of Seven’ elliptical galaxy sam ple 
m ight have a  role to  play here.
T he I  band  pho tom etry  should also be com plem ented w ith pho tom etry  in U, for some 
of the reasons outlined  in C hapter 3, bu t also to  enable a study  of colour g rad ien ts in radio 
ellipticals which were no t exam ined in  this thesis. P roviding th a t  the corrections for the 
blurring effects of seeing on the galaxy light profiles can be done carefully enough, then 
it would be in teresting  to  check how the radio galaxy B  -  I  colour differentials behaved 
on m oving inw ards from  the ou ter envelope of the galaxy tow ards the nucleus. This could 
yield fu rther im p o rtan t clues as to the na tu re  and predom inance of non-therm al nuclear 
activ ity  in rad io  galaxies.
A rad io  observational program m e for the all-sky sam ple is also w orth pursuing. This 
would help to  clear up the radio morphologies of the sources and allow for b e tte r  testing 
of correlations betw een radio structu re  w ith source environm ent and the location of FRI 
and F R II rad io  galaxies on the M  -  a  diagram  th an  the fairly rough guides th a t were 
given in  C h ap ter 4.
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T he cen tra l resu lt of this thesis was presented in C hap ter 5 . Here it was dem onstrated  
for the  first tim e th a t radio galaxies are clustered and, m oreover, th a t the s treng th  of their 
clustering exceeds th a t for norm al galaxies by abou t a factor of six. It had already been 
reported  in  C hap ter 4 th a t  radio galaxies inhab it, on average, clusters of average Abell 
richness R  — 0. Radio galaxies are therefore an unbiased po in ter to  rich system s in the 
universe. In add ition  to  their typically rich environm ents, radio  galaxies a r also generally 
very b rig h t. In th is respect, our clustering results give some independent support in favour 
of lum inosity-segregation in optically  lum inous galaxies. T he results presented  in C hap ter
5 fu rther underlined the  unsu itab ility  of optically-selected cluster catalogues, no tab ly  the 
Abell catalogue, for studies of large-scale clustering in the universe. One of the  m ost 
extrem e claim s for the existence of very large-scale s tru c tu re  had been m ade by Tully. 
No evidence was found in the radio galaxy redshift d a ta  to  support his claims -  nam ely 
th a t rich clusters are compressed along the supergalactic equato r and correlated stru c tu re  
exists on a  scale of 0.1c. T he conclusion seems to  be one th a t has already been suspected 
by o ther groups: nam ely th a t  there are severe pro jection effect in  the Abell catalogue and 
these can conspire to  give a spurious, strong clustering signal.
T he analysis presented in C hapter 5 to  test the Tully effect was only simple. M onte- 
carlo d a tase ts  were constructed  and histogram s for the num ber of galaxies w ithin fixed 
distance bins above and below the  supergalactic plane were com pared w ith  a  sim ilar set 
of h istogram s for the  real data . One can conceive of a m uch m ore precise way for p u ttin g  
lim its on th e  existence of very large-scale density inliom ogeneities in  the universe. Such 
a test has received an added im petus recently following the reports by B roadhurst et al. 
(1990) of strong  clustering of galaxies on scales >  50/i-1 M pc. The technique best-suited  
for this im proved study  of the radio galaxy redshift survey is power spectrum  analysis 
(PSA) discussed originally in this context by W ebster (1976). P relim inary  results th a t 
have been obtained  from applying of a slightly modified version of his PSA algorithm , 
suggest a  variance in 6p/ p  of a 2 <  0.3 for wavelengths 100 < A < 200h 1 M pc (Peacock
6  Nicholson 1991). T he 3 -d d istribu tion  of the radio galaxies does therefore not support 
either of the claims of Tully or B roadhust et al.
T he o ther exciting opportun ity  which beckoned a t the outset of this woik was to 
test the reality  of the Rubin-Ford effect, i.e. the existence of ~  10% p eitu rb a tio n s  in
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the H ubble flow a t (z) ~  0.03. In fact the depth  of the radio  galaxy sam ple was such 
th a t searches for stream ing  flows could be pushed well beyond the R ubin-Ford scale in 
search of a  tran sitio n  point from noisy to  sm ooth expansion of the universe. T he in itia l 
excitem ent w aned when it became clear th a t not enough galaxies had been observed, 
during the  course of the thesis, in the southern hem isphere and th a t the sky d istribu tion  
of the low -redshift sam ple was therefore severely biased. A clear ta rg e t for fu tu re  research 
should therefore be to  acquire more CCD frames for southern  hem isphere galaxies and 
consequently reduce the  sky anisotropy of the sample. Given th a t the n  -  re d istance 
ind icator was shown to  yield distances accurate to  abou t 28%, there is th en  a  realistic 
hope th a t in teresting  lim its can begin to  be pu t on the m agnitude of deviations from  
Hubble flow. T he key po in t regarding the /r — re relation for estim ating  peculiar velocities 
is th a t  i t  yields an  acceptable photom etric distance accuracy yet, a t the  sam e tim e, ¡i 
and re are tw o very simple quantities to  measure. This con trasts w ith having to  m easure 
velocity dispersions which are required for the D n — a v relation.
It is still n o t clear w hether stream ing m otions are dom inated by the g rav ita tional 
a ttra c tio n  of a  m assive “a ttra c to r” . An in teresting fu tu re prospect for the radio galaxy 
sample, once m ore observations have been added, is to  check for a “backflow” of galaxies 
lying ju s t beyond the position of the G reat A ttrac to r. This would provide conclusive 
evidence for the  reality  of such an intriguing structure . A lthough the Gang of Seven do 
have some d a ta  from  behind the G reat A ttrac to r which lends support to its  reality, this 
region is one of the  w orst affected by M alm quist bias. A sam ple which is effectively bias- 
free, such as th e  rad io  galaxy sample, should therefore be able to  address th is question 
more confidently.
In order to  link some of the  earlier work on m easuring the environm ents of galaxies 
and their peculiar velocities, C hapter Seven examined the properties of elliptical galax­
ies for evidence of environm ent-dependent system atic offsets in  the D n — a v and L  — a v 
distance ind ica to r relations. According to a simple model for autonom ously biased g rav i­
tational collapse, these should be present for the Faber-Jackson relation  a t a level which is 
proportional to  the ra te  of star-form ing efficiency for these system s. No offsets were found. 
Only for sp iral bulges, B rightest C luster M embers and radio galaxies were offsets seen to 
be present. These were in the right sense for them  to be a ttrib u ted  to  autonom ous bias
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although a lte rn a tiv e  explanations can be found which are a lot m ore likely. T he problem  
w ith a  sam ple of nearby  galaxies for checking bias models is th a t real peculiar velocities 
are expected  to  be large. For a  deeper sam ple it is likely th a t they  would be sw am ped 
by any system atic  offsets th a t  are present in the d a ta  and hence the la t te r  could be m uch 
more read ily  detected . This is easier said than  done of course. For distance sam ples 
of galaxies the  problem s associated w ith m easuring accurate pho tom etric  differences are 
considerable. A fu rth e r study  of biasing models and a  closer inspection of o ther existing 
d a ta  is therefore desirable before em barking on such a  project.
In conclusion, then , th is thesis has dem onstrated  th a t  radio galaxies are  excellent 
candidates for s ta tis tica lly  probing the  large-scale s tructu re  of the universe. As a  resu lt of 
the w ork undertake here, the largest optical database for a nearby sam ple of rad io  galaxies 
th a t has ever been published is available. This should pave the way for b o th  an  extension 
of the  w ork described in this thesis and for equally exciting new p ro jec ts, such as try ing  
to determ ine an  answ er to  the question -  ju s t why are radio galaxies active?
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A p p e n d i x  A
The All-Sky Sample Database
The all-sky sam ple is presented in this Appendix in tabu lar form. T here are four tables 
representing (i) rad io  galaxies which are known to lie w ithin the final sam ple; (ii) radio 
galaxies which are m ore likely th an  not to  lie in  the  final sam ple on the basis of th e ir B  
m agnitudes; (iii) rad io  galaxies which m ay lie in  the final sam ple bu t are unlikely to  do 
so on the  basis of their B  m agnitudes; (iv) radio galaxies which definitely do no t lie in 
the final sam ple.
A key to  th e  in fo rm ation  contained in each of the columns of the tab le  is given below
Column 1 : IAU nam e of galaxy;
Column 2 : R ight ascension of optical com ponent of radio source:
Column 3: D eclination of optical com ponent;
Column 4: Inaccuracy in optical position in arcseconds;
Column 5: 1.4GHz radio flux-density in Jansky;
Column 6 : E stim ated  B  m agnitude;
Column 7: Heliocentric radial velocity in km s- 1 ;
Column 8 : E rro r in rad ia l velocity;
Column 9: B  & I  CCD frame indicator;
Column 1 0 : N um bered reference to  optical position;
Column 1 1 : N um bered reference to  m agnitude;
Column 1 2 : N um bered reference to  redshift.
A few com m ents are relevant. F irstly, it  was not possible to  track down each num bered 
reference for all of th e  objects. Thus there are some blanks or zeroes in  co lum n’s 10, 1 1
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& 12. Secondly, for a  few objects a radio  source position only could be found. These have 
still been en tered  in to  the tab le  and can be distinguished by the large error boxes (>  1 0 ") 
in colum n 4.
The * flags in colum n 9 ind icate  w hether CCD fram es have been acquired for the object. 
A single * m eans th a t  only an I  fram e has been recorded. A double * m eans th a t B  & I  
frames exist. N ote th a t  a  * som etim es precedes the IAU nam e in of the object in  colum n
1. Absence of a  * ind icates th a t  either the published redshift of the object has too  large an 
error (>  600 km s - 1  to  be of any use for peculiar velocity studies or else th a t  a  spectrum  
has been recorded during the course of this thesis, b u t of too  poor a  signal-to-noise to  
yield a  redshift.
At the b o tto m  of each tab le  some inform ation is given about the s ta tu s  of observations, 
nam ely the  percentage of objects w ith  spectroscopic redshifts and B  & I  CCD fram es.
Table A l.l:  Definite Sample Members
a opi(1950) <5op( (1.950) ± " S ia m cz ± ccd Refs
*0000-550 00 00 37.64 -5 5  01 38.0 1 . 8 1 . 2 0 14.0 9683 150 * 190 1 0
*0001-531 00 01 41.36 -5 3  11 40.7 1 . 8 0 . 8 8 14.5 9803 1 2 0 * 190 2 0
*0007-325 00 07 03.20 -3 2  33 19.7 1 . 2 0.81 13.5 7687 18 * 0 6 2 0 2
*0023-333 00 23 02.25 -3 3  19 22.2 0.5 1.23 16.0 15439 150 * 19 2 0 7
*0032+101 00 32 20.40 10 11 23.0 2 . 0 0.95 15.5 17100 0 ** 23 4 204
*0034-014 00 34 30.59 -0 1  25 38.0 0.7 4.40 18.0 21885 60 ** 25 26 27
*0036+030 00 36 44.15 03 03 22.0 1 . 1 2.05 13.5 4197 90 ** 0 29 30
*0038-210 00 38 18.90 - 2 1  0 0  06.0 0 . 1 0.76 17.0 26981 150 ** 32 32 7
*0043-638 00 43 57.64 -6 3  49 42.3 1 . 8 1.05 16.0 22215 420 * 190 17 0
*0043-424 00 43 55.98 -4 2  24 13.6 0.5 8.29 17.0 22904 300 * 19 2 0 204
0053-016 00 53 29.31 -0 1  36 16.9 0 . 6 1.25 16.4 13071 750 ** 37 51 38
*0053-015 00 53 52.08 -0 1  31 57.1 0 . 6 1.49 16.7 11542 240 ** 37 37 38
*0055-016 00 55 01.57 -0 1  39 39.4 0.3 6.09 15.6 13311 0 **
*0055+300 00 55 05.60 30 04 56.8 2 . 0 0.78 13.2 5216 150 ** 40 40 7
*0055+265 00 55 40.70 26 35 44.0 2 . 0 1.34 14.9 14360 150 ** 40 40 7
*0057-180 00 57 42.00 -1 8  03 54.0 1 2 . 0 1 . 2 0 18.0 29979 300 ** 41 41 0
*0058-508 00 58 34.01 -5 0  48 17.2 1 . 8 1.03 17.0 18407 270 * 190 17 0
*0101-802 01 01 57.94 -8 0  12 09.7 1 . 8 0.64 17.0 16998 300 * 190 44 45
*0104+321 01 04 39.20 32 08 46.0 2 . 0 2.99 14.5 4875 60 ** 46 46 47
*0106+130 01 06 13.80 13 03 44.0 ??.? 11.33 15.6 17538 60 ** 0 0 0
*0108-142 01 08 40.32 -1 4  13 35.5 1 . 6 1.49 14.7 15499 180 ** 0 41 2 2
*0110+152 01 10 20.36 15 13 35.2 0.9 1.05 14.0 13341 2 1 0 ** 0 53 53
0 1 1 1 + 0 2 1 0 1  1 1  08.80 02 06 24.0 1.07 16.3 13970 1500 ** 51 51 24
*0115-261 01 15 51.54 -2 6  07 45.0 2 . 1 0.96 16.7 15529 1 2 0 * 0 4 0
*0116-190 01 16 08.05 -1 9  05 03.6 0.5 1.13 18.0 10763 300 ** 32 32 0
*0116+319 01 16 47.10 31 55 07.0 2 . 0 1.30 14.9 17868 60 ** 40 40 57
*0121+429 01 21 04.50 42 57 57.3 0.5 0.59 16.8 9833 1 2 0 ** 50 50 0
*0123-016 01 23 26.70 -0 1  36 09.0 3.67 13.0 5306 30 ** 59 59 59
*0124+189 01 24 12.32 18 57 19.9 0.7 1.69 15.5 12951 1 2 0 ** 60 62 61
*0128+002 01 28 58.81 00 17 53.9 1 . 2 0.59 16.1 23923 90 ** 0 51 0
*0131-449 01 31 25.59 -4 4  59 40.4 1 . 0 1.84 17.5 27011 180 * 64 64 0
*0131-367 01 31 43.63 -3 6  44 55.6 0.5 9.47 15.0 8836 27 ** 2 0 2
*0144-522 01 44 53.16 -5 2  17 31.1 1 . 8 0.73 17.5 29200 240 * 190 13 0
*0145+000 01 45 42.39 00 04 50.9 0.9 0.71 16.5 27551 2 1 0 ** 6 6 6 6 0
*0153+053 01 53 44.31 05 23 05.4 0.4 0.85 13.2 5564 51 ** 6 8 6 8 47
*0157+405 01 57 22.19 40 34 33.2 0.5 1.56 17.5 24433 180 * 50 50 0
*0206+355 02 06 39.30 35 33 41.0 2 . 0 1.70 14.6 1 1 2 1 2 240 ** 40 40 40
*0207+095 02 07 07.73 09 35 52.6 0.5 1.35 17.0 26472 1 2 0 ** 55 9 0
*0208-067 02 08 23.83 -0 6  47 44.1 0 . 8 0.61 15.0 12591 150 ** 0 35 0
*0214-480 02 14 52.82 -4 8  03 01.1 1 . 0 2.25 14.0 19187 180 ** 75 75 95
*0217+017 02 17 23.70 01 42 03.5 0 . 6 0.63 15.2 12262 150 ** 0 43 42
*0220+427 02 20 01.78 42 45 54.6 0.4 0 . 0 0 15.0 6266 150 ** 58 78 78
*0226+287 02 26 42.88 28 45 55.3 0.56 16.4 14000 2 1 0 ** 0 54 54
*0229-208 02 29 19.71 -2 0  53 48.5 0.5 1.27 16.5 26981 150 ** 55 4 7
*0238+085 02 38 25.85 08 31 29.0 0.4 1.18 14.8 6416 1 2 0 ** 6 8 6 8 61
*0238+084 02 38 37.40 08 28 2 0 . 0 0.98 1 1 . 6 6520 125 204
*0247-207 02 47 17.52 -2 0  42 55.7 0.5 0.91 15.5 26082 150
** 87 4 7
*0255+058 02 55 05.80 05 50 37.0 ??.? 5.92 14.8 7015 90 ** 0 0 0
*0257-398 02 57 32.00 -3 9  52 30.6 2 . 6 1.03 16.0 20266 150 ** 0 16 7
*0300+162 03 00 27.27 16 14 36.6 0.9 3.21 16.0 9773 180
** 0 9 124
*0305+039 03 05 49.07 03 55 13.1 0.3 8.90 14.7 8634 90
** 58 78 154
*0307-305 03 07 56.52 -3 0  31 00.7 1.3 1.08 16.5 20236 150
jf: if: 0 6 7
*0312-400 03 12 05.90 -4 0  05 20.0 6 . 0 0.59 16.5 22724 570
* 16 0
*0314-440 03 14 54.70 -4 4  02 23.0 6 . 0 1.51 15.0 18822 134
sfc if: 1 16 203
*0316-444 03 16 14.00 -4 4  25 23.0 6 . 0 1.49 16.0 22710 70
** 1 16 203
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*0319—454 03 19 15.54 -4 5
*0325+023 03 25 18.19 0 2
*0326-461 03 26 54.20 -4 6
*0332-391 03 32 17.20 -3 9
*0344-345 03 44 34.95 -3 4
*0349-278 03 49 32.00 -2 7
*0356+102 03 56 10.21 1 0
*0359+193 03 59 19.50 19
*0404+035 04 04 38.54 03
*0419+140 04 19 40.89 14
0427-539 04 27 57.60 -5 3
*0431-134 04 31 51.49 -1 3
*0434-225 04 34 27.50 - 2 2
*0446-206 04 46 20.69 - 2 0
*0449-175 04 49 07.01 -1 7
*0453-206 04 53 14.03 - 2 0
*0456-301 04 56 30.20 -3 0
*0502-103 05 02 31.07 - 1 0
*0503-286 05 03 51.00 -2 8
*0511-305 05 11 37.20 -3 0
*0513-491 05 13 21.15 -4 9
*0517-562 05 17 31.06 -5 6
*0518-458 05 18 23.00 -4 5
*0521-365 05 21 12.95 -3 6
*0523-327 05 23 35.70 -3 2
*0540-617 05 40 20.93 -6 1
*0540-628 05 40 29.92 -6 2
*0545-199 05 45 46.00 -1 9
*0546-329 05 46 36.30 -3 2
*0548-317 05 48 57.38 -31
*0602-647 06 02 26.03 -6 4
*0605-494 06 05 42.46 -4 9
*0609+710 06 09 48.37 71
*0611+519 06 11 34.32 51
*0616-487 06 16 55.17 -4 8
*0618-371 06 18 19.00 -3 7
*0620-526 06 20 37.30 -5 2
*0625-536 06 25 17.07 -5 3
*0625-354 06 25 21.00 -3 5
*0625-545 06 25 48.96 -5 4
*0635+487 06 35 48.04 48
*0639+422 06 39 42.58 42
*0641-584 06 41 31.42 -5 8
*0642-436 06 42 54.11 -4 3
*0649-557 06 49 23.60 -5 5
*0652+426 06 52 37.11 42
*0703+425 07 03 12.13 42
*0704+351 07 04 24.34 35
*0705+486 07 05 21.70 48
0712+534 07 12 42.14 53
*0719+670 07 19 52.77 67
*0733+597 07 33 11.60 59
0744+559 07 44 34.96 55
*0749+460 07 49 09.18 46
*0755+379 07 55 09.20 37
*0802+243 08 02 35.40 24
*0803-008 08 03 04.90 - 0 0
25 54.3 0.4 3.42 15.0 18977
23 20.3 0.4 5.11 15.0 9054
06 35.2 1 . 8 0.61 16.0 20686
09 24.0 6 . 0 1.59 16.5 18767
32 02.0 1 . 0 3.52 16.5 16129
53 24.0 6 . 0 4.89 16.8 19786
17 31.7 0.3 10.32 15.6 9174
2 1  0 0 . 0 6 . 0 0 . 8 6 16.8 16279
34 27.2 5.95 17.5 26712
00 44.9 1 . 0 1 . 1 0 18.0 19278
56 05.4 0.5 4.90 13.2 11692
28 23.1 0.9 0.73 16.3 10912
32 43.4 0 . 8 1 . 1 2 15.8 20446
37 25.2 0.5 0.64 16.5 21705
35 11.8 1 . 6 1.08 14.6 9533
39 00.8 1 . 8 4.72 14.0 10283
11 54.0 ??.? 2.67 18.0 18887
18 57.7 1 . 1 1.18 15.4 11812
39 19.0 ??.? 2.23 15.0 11422
32 12.0 6 .Ò 2.15 16.5 17478
06 50.0 1 . 8 0 . 6 6 17.0 27300
17 16.2 1 . 8 1.30 17.0 28450
49 44.0 11.16 17.0 10733
30 16.0 0 . 6 21.14 16.8 16609
44 54.0 6 . 0 1.15 16.0 22724
44 02.2 1 . 8 0.79 18.0 28750
52 13.2 1 . 8 0.64 17.5 25392
59 06.0 1 0 . 0 1 . 0 0 16.5 16549
58 32.0 ??.? 1.37 14.0 11062
45 08.9 1 . 2 1.15 14.5 9773
43 05.4 1 . 8 1.18 17.0 13461
29 08.2 1 . 8 1.03 15.5 15559
03 09.1 0.5 1.19 14.5 4047
59 45.8 0.5 0.82 16.5 14990
43 41.6 1 . 8 1.67 15.0 13940
1 0  18.0 6 . 0 3.04 15.6 9713
40 01.0 1 2 . 0 4.06 15.5 15319
39 43.7 1 . 8 6.26 15.4 16159
27 12.0 6 . 0 4.90 16.5 16579
30 39.6 1 . 8 2.93 16.0 15559
42 50.9 0.5 0.59 18.0 27191
13 18.3 0.5 0.59 18.0 27011
27 03.3 1 . 8 0 . 6 8 17.5 16818
40 39.9 1 . 0 1.69 15.5 18227
45 49.0 1 0 . 0 1 . 1 2 15.0 14750
40 58.2 0.5 0.59 15.5 16668
35 18.7 2 . 0 2.60 16.0 17922
08 27.9 ??.? 0.51 17.2 23654
41 47.0 i.o 0.82 13.7 5546
28 30.9 0.4 1.56 15.4 19307
05 02.5 0.5 0.67 17.8 25512
47 48.1 0.5 0.59 16.5 11782
56 29.0 ??.? 0 . 0 0 15.2 10583
04 43.6 0.5 0.67 16.0 14990
55 22.0 2 . 0 1.87 14.6 12381
18 2 1 . 0 7.0 3.99 17.5 18018
49 41.3 0.7 1.23 15.4 26741
300 ** 203 203 203
90 ** 160 89 154
270 190 1 0
150 ** 1 1 7
150 ** 142 1 7
60 ** 2 0 161 161
30 ** 58 78 154
60 ** 9 9 0
0 *
180 ** 0 130 0
600 ** 19 87 95
270 ** 0 2 2
150 * 0 4 7
150 ** 87 4 7
60 ** 0 2 2 2 2
150 ** 0 163 7
1 0 0 * 0 0 0
150 ** 0 26 52
28 ** 0 0 2 0 2
150 ** 2 0 2 0 7
0 190 204
90 190 17 0
0 **
30 ** 96 2 0 165
150 * 2 0 2 0 7
90 190 13 0
90 * 190 13 0
150 ** 4 4 0
150 ** 0 0 7
150 ** 0 6 7
90 ** 190 2 0
1 2 0 ** 190 18 0
30 168 168 169
90 168 168 0
2 1 0 ** 190 171 0
150 ** 2 0 2 0 7
2 1 0 ** 0 0 0
300 ** 190 64 95
150 ** 2 0 2 0 7
150 190 2 205
1 2 0 50 50 0
1 2 0 50 50 0
240 ** 190 17 0
90 ** 172 172 0
180 ** 2 2 0
90 168 94 0
90 46 46 105
60 ** 0 0 0
1 2 0 138 136 138
900 115 46 42
270 168 168 0
300 168 168 0
0 0 0 0
300 50 50 0
240 ** 40 40 177
1 2 0 ** 89 89 85




























































08 16 26.28 -7 0  30 16.6 1 . 8 1.67 16.0 11392 1 2 0 **
08 19 52.10 06 06 48.0 6 . 0 1.52 17.5 24433 30
08 25 41.86 24 47 09.8 2 . 0 0.83 17.9 24973 600 **
08 28 20.60 32 29 37.0 5.0 1.64 16.9 15379 180 **
08 33 02.06 -0 1  40 34.2 1 . 0 0.93 13.9 8994 1 2 0 **
08 36 59.10 29 59 45.0 2 . 0 0.60 15.9 19307 90 **
08 38 06.75 32 35 43.7 0.4 0.60 16.9 20896 180 **
08 44 06.00 54 03 00.0 0.4 1.63 15.0 13551 90
08 44 54.20 31 58 12.0 2 . 0 1.14 15.9 20236 180 **
09 15 41.18 -1 1  53 04.4 0.3 39.74 14.8 16429 90 **
09 21 21.82 -2 1  22 52.4 1 . 0 0.90 16.5 15559 300 **
09 45 06.00 07 39 24.0 6 . 0 6.93 17.3 25812 60 **
09 45 09.90 73 28 22.2 0 . 6 2.06 15.9 17268 90
10 00 57.28 -0 4  23 37.3 0.4 0.74 17.5 18947 150 **
1 0  0 2  26.68 -3 2  02 08.9 1 . 0 0 . 6 8 17.0 26292 150
10 03 06.00 35 08 49.0 2 . 0 2.29 17.6 29649 0 **
10 04 09.93 14 37 05.5 1.3 0 . 8 8 13.5 8814 150 **
10 37 42.70 30 13 38.0 5.0 0.45 17.9 27311 1 2 0 **
10 40 31.00 31 46 45.0 2 . 0 0.60 16.9 10523 1 2 0 **
10 43 47.90 -2 9  05 16.0 6 . 0 0 . 6 6 16.0 17208 150 **
10 53 09.83 -2 8  15 32.1 0 . 8 2.16 16.5 17808 150 **
10 56 34.14 -3 6  03 15.6 2 . 1 1.62 16.5 20985 150 *
11 08 52.50 41 06 20.4 ??.? 0.97 0 . 0 22095 2 1 0
11 13 53.59 29 31 40.3 3.0 1.62 16.9 14720 0 **
11 13 54.30 29 31 44.0 ??.? 1.56 16.7 14630 1 2 0
11 18 46.10 00 03 06.0 6 . 0 0.73 17.0 29739 180 **
11 23 26.43 -3 5  07 12.5 1 . 0 2.42 14.5 9863 1 2 0 *
11 30 31.85 -0 3  44 14.3 0.5 0.95 15.3 15469 150 **
11 31 16.13 49 20 16.8 0.4 0 . 0 0 14.2 10133 0 **
11 32 03.83 49 13 56.2 1 . 1 0 . 0 0 15.2 9713 0 **
11 37 41.20 18 0 0  2 2 . 0 6 . 0 1.27 13.3 3148 90 **
11 37 54.00 1 2  2 0  0 0 . 0 6 . 0 1.52 16.5 24223 1 2 0 **
11 39 00.00 -0 7  51 15.0 6 . 0 0.74 17.0 19516 2 1 0 **
11 42 29.55 19 53 02.6 0 . 6 5.24 13.5 6476 30 **
12 00 34.12 51 57 13.0 1 . 0 0.74 15.7 18917 2 1 0 **
12 04 00.10 22 32 21.6 2 . 0 1.05 15.5 19654 90 *
12 11 41.80 -4 1  43 13.2 1 . 0 1.32 17.5 20566 400
12 15 02.70 03 54 57.0 ??.? 2 . 0 1 17.0 23534 300 **
1 2  16 00.60 -1 0  02 50.0 ??.? 2.54 19.0 26202 90 *
12 27 20.35 11 57 12.2 0.9 1.76 16.0 24613 2 1 0 *
12 33 58.90 16 48 49.0 ??.? 1.69 17.5 20776 180 *
12 50 30.63 -1 0  13 21.0 1 . 6 1.15 1 2 . 0 4287 150 **
12 51 46.29 27 53 49.5 0.4 2.35 18.4 25692 90 **
12 51 58.00 -2 8  57 34.0 6 . 0 0.81 14.5 17328 90 **
12 51 58.56 -1 2  17 51.8 0.4 7.83 13.5 3987 30 *
12 54 38.80 -3 0  05 37.0 1 . 1 1.05 16.0 16189 150 **
12 57 07.00 -2 5  23 28.0 6 . 0 0.76 16.0 19337 150 **
12 58 16.22 -3 2  10 21.0 1 . 0 1.56 13.0 4467 150 **
13 08 30.44 -4 4  06 45.1 0.4 0.96 15.0 15439 240
13 09 33.20 21 03 57.0 6 . 0 0.61 15.0 8994 0
*
13 12 39.49 08 56 41.7 0 . 6 0 . 6 8 17.5 27101 2 1 0
*
13 13 45.97 07 18 35.6 0.4 2.03 15.5 15499 300
*
13 16 43.17 29 54 20.0 0.3 0.95 15.9 21825 240
**
13 17 40.20 -4 0  46 00.0 14.0 0.79 17.0 14930 180
13 19 05.22 42 50 55.7 0.3 2 . 0 1 16.7 23804 60
*
13 21 26.00 31 49 33.0 2 . 0 0.78 13.9 4887 150
*
13 22 35.40 36 38 19.0 2 . 0 0.64 14.3 5216 1 2 0
**
13 23 24.24 -2 7  10 47.0 1 0 . 0 1.59 15.0 12951 150
**
215
*1329-328 13 29 34.69 -3 2  52 52.6 1 . 0 1.30 15.5 14450 150 ** 182 6 7
1331-099 13 31 40.08 -0 9  54 07.8 ??.? 1 . 8 6 17.5 24403 0 * 87 87 87
*1333-337 13 33 47.30 -3 3  42 40.0 2 . 0 4.62 11.9 3867 90 ** 185 0 186
*1339+266 13 39 33.50 26 37 31.2 ??.? 0.47 16.5 21585 90 * 92 141 187
*1346+268 13 46 33.98 26 50 27.8 0.4 1.17 16.4 18977 240 * 56 40 57
*1350+316 13 50 03.20 31 41 33.8 0 . 6 3.77 14.9 13491 60 ** 56 40 90
*1354-251 13 54 27.00 -2 5  08 49.0 6 . 0 0.73 15.0 11272 150 * 129 129 7
*1359-113 13 59 01.40 -1 1  21 58.0 1 . 0 1.79 15.0 10972 1 2 0 * 8 73 95
*1404-267 14 04 38.30 -2 6  46 47.0 6 . 0 0.85 13.5 6206 150 ** 129 129 7
*1406-230 14 06 23.20 -2 3  01 45.0 6 . 0 0.74 17.5 25692 300 129 129 0
*1407-425 14 07 22.48 -4 2  32 49.0 1 . 0 0.96 15.5 15259 240 188 16 0
*1407+177 14 07 34.82 17 46 52.5 1 . 0 1.18 15.5 5066 240 * 25 25 189
*1413-364 14 13 31.82 -3 6  27 00.4 1 . 0 2.33 17.0 22604 150 142 2 0 7
*1414+110 14 14 25.80 1 1  0 2  2 2 . 0 7.0 3.89 13.3 7105 150 * 89 89 90
*1422+268 14 22 26.50 26 51 26.0 2 . 0 0.60 15.8 11092 240 * 40 40 0
*1427+074 14 27 26.74 07 28 34.4 ??.? 1.79 18.0 15859 240 * 0 192 0
*1443+178 14 43 37.80 17 51 07.0 6 . 0 0.74 15.5 19576 90 ** 131 131 113
*1443-085 14 43 55.70 -0 8  33 19.0 1 0 . 0 0.91 16.0 21825 2 1 0 ** 4 4 0
*1448+634 14 48 16.98 63 28 35.2 0.5 3.20 15.0 12291 42 ** 168 89 90
*1452+165 14 52 03.32 16 33 27.9 0.5 1.35 14.0 13671 2 1 0 * 87 194 61
*1452-054 14 52 30.50 -0 5  27 24.0 1 2 . 0 0.98 17.0 11182 180 ** 41 41 0
*1502+261 15 02 48.50 26 11 25.1 ??.? 8.73 16.8 16141 90 * 0 46 154
*1514+004 15 14 14.80 0 0  26 0 1 . 0 1.7 3.16 16.5 15529 90 * 195 195 195
*1514+072 15 14 17.00 07 12 16.7 0.4 3.89 14.5 10493 90 ** 58 196 154
1514-241 15 14 45.28 -2 4  11 22.9 0.4 3.38 15.0 14570 600 197 2 0 198
1518+045 15 18 52.73 04 31 13.7 0.7 0.85 16.0 15769 0 ** 87 87 87
*1520-329 15 20 16.40 -3 2  59 04.0 1 2 . 0 0.76 18.0 22335 700 6 6 0
*1521+288 15 21 21.30 28 48 10.8 1 . 0 0.59 17.5 24733 240 * 108 199 109
1529+242 15 29 33.42 24 14 26.2 0 . 8 3.38 16.0 28660 0 *
*1540-077 15 40 20.30 -0 7  47 38.0 1 0 . 0 2.05 18.0 4317 90 * 4 4 0
*1549+202 15 49 56.07 20 14 17.3 ??.? 3.43 15.0 9533 240 * 0 0 0
*1553-328 15 53 30.81 -3 2  53 39.4 1 . 0 1.17 17.5 19666 180 182 6 0
1555-140 15 55 33.82 -1 4  01 26.2 2 . 0 1.23 19.0 29110 0 * 1 2 1 1 2 1 1 2 1
*1557+708 15 57 41.25 70 49 49.9 0.4 2.53 14.0 7735 90 * 193 193 0
*1601+173 16 01 16.39 17 20 06.8 1 . 0 0.79 13.5 10613 270 * 92 130 183
*1602+240 16 02 48.94 24 04 01.5 2 . 0 0.63 14.9 9533 60 * 192 158 0
*1602+178 16 02 53.93 17 51 53.4 0.4 0.85 14.0 9443 60 * 56 130 47
*1603+001 16 03 39.50 00 08 30.0 6 . 0 2.62 16.5 18317 2 1 0 * 9 9 0
*1615+351 16 15 49.00 35 07 32.0 2 . 0 1.37 15.5 8874 240 * 40 40 178
*1616-029 16 16 31.40 -0 2  57 12.0 6 . 0 0.71 16.6 20536 240 * 51 51 0
*1626+396 16 26 55.60 39 39 36.0 2 . 0 6.76 13.7 8904 90 ** 40 40 167
1637-771 16 37 05.22 -7 7  10 07.9 1 . 8 5.94 16.0 7225 600 190 166 95
*1637+826 16 37 57.00 82 38 17.8 0 . 6 2.32 14.0 7345 2 1 0 ** 2 0 1 2 0 1 0
*1652+398 16 52 11.72 39 50 21.7 ??.? 0 . 6 6 15.1 10103 240 ** 0 0
*1655-776 16 55 12.49 -7 7  37 33.0 0.5 2.42 17.0 20086 2 1 0 19 19 2 2
*1657+325 16 57 08.27 32 34 05.7 2 . 0 0.47 16.9 18887 60 ** 151 1 0 2 54
*1658+302 16 58 48.97 30 12 33.2 0.4 0.47 15.9 10523 240 * 56 199 109
*1706+094 17 06 46.00 09 27 49.0 1 0 . 0 0.79 15.7 11452 2 1 0 * 130 130 0
*1707+344 17 07 49.31 34 29 36.0 1 . 0 0.72 17.2 24133 180 ■ * 83 83 0
*1709+397 17 09 16.69 39 45 07.9 1 . 0 0.46 17.1 18617 2 1 0 ** 92 34 54
*1712+640 17 12 03.85 64 05 23.6 1 . 0 0.00 17.4 23923 150 ** 92 34 144
*1713+641 17 13 10.05 64 06 10.3 2 . 0 0.00 16.9 24283 150 ** 136 143 144
*1717-009 17 17 53.29 -0 0  55 49.9 0.4 61.39 16.3 9114 90
* 58 73 154
*1718-649 17 18 46.06 -6 4  57 47.7 1 . 8 6.76 15.5 4260 2 1 ** 190 1 2 2 1 2 2
*1719+242 17 19 58.05 24 16 43.8 0 . 6 0 . 8 8 17.5 26532 600
** 33 33 0
*1733+714 17 33 16.65 71 26 09.0 0 . 6 0.63 16.0 17808 150
* 2 0 1 2 0 1 0



























































17 40 36.23 16 14 10.5 0 . 6 0.61 14.5 10373 240 **
17 44 00.58 55 43 25.0 0.4 0.59 14.7 9114 2 1 0 **
17 54 24.00 62 39 00.0 30.0 0 . 0 0 14.8 8274 2 1 0 **
17 55 21.20 62 37 05.0 ??.? 0 . 0 0 15.0 8274 2 1 0 **
18 01 35.45 -7 0  12 57.6 1 . 8 1 . 1 0 16.5 11842 240
18 07 19.00 69 49 03.0 7.0 2.16 15.6 15020 30 **
18 14 11.46 -7 6  36 15.9 1 . 8 0 . 6 6 14.0 5666 2 1 0
18 14 46.34 -6 3  47 05.0 0.4 12.51 18.0 18797 150 **
18 2 0  0 1 . 2 2 6 8  55 22.6 ??.? 0.82 16.4 26442 180 **
18 33 11.97 32 39 18.2 0 . 1 0 . 0 0 15.9 17088 0 **
18 33 15.08 -7 7  12 09.1 1 . 8 0.96 15.0 5336 150
18 42 35.44 45 30 21.7 0.4 5.95 17.2 27221 90 **
18 45 37.64 79 43 06.1 0.4 11.18 15.0 16818 60 **
18 47 54.52 -7 9  36 27.4 1 . 8 0 . 6 6 17.0 22934 280
19 21 53.33 -5 7  46 15.7 1 . 8 1.15 16.0 17838 180
19 21 58.80 -4 3  03 45.0 1 2 . 0 0.96 18.0 24433 2 1 0
19 28 23.10 -3 4  01 08.0 6 . 0 0.61 17.0 28930 150 **
19 29 59.70 -3 9  46 54.0 6 . 0 2.60 16.0 22095 150 **
19 41 23.30 -5 5  28 16.0 ??.? 1.44 14.0 4407 150 **
19 50 05.64 67 12 04.2 0.5 0.74 18.4 22065 150 **
19 54 19.46 -5 5  17 52.1 1 . 0 6.32 16.5 18000 90
20 13 07.74 -3 0  50 47.6 1 . 0 0.85 16.5 26622 150 **
20 14 06.12 -5 5  48 52.0 0.5 1.18 15.5 18227 30 **
20 31 32.20 -3 5  59 16.0 14.0 1.57 15.5 26500 72 **
20 40 46.00 -2 6  44 00.0 6 . 0 2.64 15.4 12082 1 2 0
20 54 46.97 -5 8  08 14.3 1 . 8 0.78 16.0 15559 240
20 58 38.00 -2 8  13 30.0 6 . 0 5.24 15.6 11302 2 1 0
20 58 59.38 -1 3  30 38.2 1 . 0 1 . 0 1 15.2 8724 90 **
21 01 09.64 -7 1  34 18.6 1 . 8 1.35 16.5 22215 1 2 0
21 04 29.70 -2 5  37 51.0 1 . 0 10.49 16.8 11662 150 **
21 17 49.00 -2 6  57 33.0 1 0 . 0 1 . 0 0 18.0 27731 300
2 1  28 26.00 -3 8  50 12.0 14.0 1 . 1 0 14.5 5464 17
21 34 18.73 -2 8  08 28.1 1 . 2 1.08 16.0 21435 300
21 48 03.93 -5 5  34 18.2 1 . 8 1.47 16.0 11542 300
21 48 14.40 -4 2  47 42.0 14.0 0.61 16.3 19067 270
21 52 57.81 -6 9  55 40.2 0.5 30.27 13.8 8544 90
21 56 59.76 -5 6  25 07.2 1 . 8 0.79 16.0 22694 1 2 0
21 58 17.21 -3 8  00 50.8 0 . 2 1.71 15.0 9989 9
21 59 00.48 -3 3  35 33.5 1 . 0 1.45 17.5 16159 0
22 06 32.71 -2 3  46 38.1 1 . 1 2.25 17.0 25842 600 **
22 12 13.30 13 35 33.0 ??.? 2.37 14.3 7345 180 **
22 21 14.76 - 0 2  2 1  26.1 0.4 5.85 17.0 16848 30 **
22 25 01.11 -3 0  49 05.0 1 . 0 0.93 16.5 16459 150
22 29 05.60 -0 8  39 59.0 1 . 0 0.76 15.5 24763 180 **
22 29 07.67 39 06 03.9 0.4 0 . 0 0 14.2 4827 0 **
22 35 48.07 40 51 58.6 0.5 0.82 17.0 17088 150 **
22 36 30.20 -1 7  36 06.0 1 . 0 1.79 16.0 15289 2 1 0 **
22 36 40.00 -3 6  25 00.0 14.0 0.71 15.5 17058 150
22 43 32.79 39 25 27.3 0.5 10.05 17.0 24163 0 **
22 47 24.93 11 20 36.8 0.5 2.37 13.0 7825 60 **
22 53 48.51 -4 6  33 37.4 1 . 8 1 . 2 0 17.5 25482 240
23 08 10.20 07 18 52.0 ??.? 1.62 14.9 13221 60 **
23 09 21.36 -4 1  39 17.3 0.5 0 . 6 8 17.0 28480 240
23 16 22.50 -4 2  23 23.0 6 . 0 1.25 16.0 16279 150
23 17 16.00 -2 7  44 30.0 6 . 0 3.23 17.5 29110 240
23 18 04.00 07 57 12.0 6 . 0 0 . 6 8 1 2 . 8 3328 60
**
23 20 50.62 20 18 52.8 0 . 8 1.03 14.5 11512 180
**
23 22 43.72 -1 2  23 57.4 0.5 1.49 15.4 24613 30
**
217
*2327—215 23 27 02.82 -2 1  30 18.3 1 . 0 0.74 18.0 23234 270 0 4 0
2331-240 23 31 17.90 -2 4  00 16.0 ??.? 1.76 16.5 14330 1500 ** 0 0 0
*2335+267 23 35 58.94 26 45 16.4 0.4 3.87 14.9 8784 90 ** 56 40 154
*2353-184 23 53 21.70 -1 8  26 34.0 6 . 0 0.83 15.5 21675 150 ** 32 32 7
*2354-350 23 54 26.50 -3 5  02 18.0 6 . 0 0.59 15.0 14600 30 * 2 0 2 0 2 2
*2356-611 23 56 29.37 -6 1  11 40.6 0.5 20.29 16.0 28870 30 * 19 61 61
Number of adequate spectra: 267 ( 91%) 
Number of I frames: 229 ( 78%)
Number of B frames: 167 ( 57%)
218
Table A l.2: Probable Sample Members
aopt(1950) <5opi(1950) ±" ■Si.4 m cz ± ccd
0 1 1 4-211 01 14 22.00 - 2 1 07 18.0 0.1 4.06 16.5 0 0 20
0 2 0 7 -2 2 4 02 07 50.60 - 2 2 27 49.0 10.0 1.45 15.5 0 0 4
0 4 1 1 -6 4 7 04 11 31.30 - 6 4 43 57.0 10.0 1.20 16.5 0 0 17
0610+783 06 10 41.64 78 22 28.6 0.6 0.64 12.9 0 0 201
0955+035 09 55 48.10 03 34 48.0 ??.? 0.68 17.0 0 0 ** 0
1027+749 10 27 13.38 74 57 22.5 0.6 0.61 16.8 0 0 201
1029+569 10 29 47.10 56 59 58.0 ??.? 0.74 15.0 0 0 0
1042+736 10 42 23.66 73 36 58.4 0.6 0.76 14.7 0 0 201
1048+556 10 48 46.20 55 38 35.0 ??.? 0.59 15.7 0 0 0
1127+553 11 27 44.70 55 20 28.0 ??.? 0.74 15.5 0 0 0
1141+466 11 41 00.43 46 38 00.0 1.2 0.97 16.7 0 0 114
1152+551 11 52 55.56 55 10 38.3 1.0 2.82 15.7 0 0 156
1249+035 12 49 50.00 03 32 12.0 6.0 0.98 16.8 0 0 * 51
1252+533 12 52 24.68 53 21 37.8 0.5 0.00 15.0 0 0 * 50
1323+370 13 23 46.81 37 03 33.6 0.5 0.78 16.3 0 0 * 55
1551+239 15 51 34.70 23 57 09.0 6.0 0.90 17.0 0 0 * 158
1 6 1 7-235 16 17 59.90 - 2 3 35 23.0 10.0 1.15 16.5 0 0 4
1824+468 18 24 26.45 46 52 19.8 0.5 0.52 16.0 0 0 ** 50
2 0 0 5 -4 8 9 20 05 46.80 - 4 8 58 42.0 ??.? 1.79 16.5 0 0 18
2116+818 21 16 39.56 81 52 13.0 0.6 0.73 15.9 0 0 ** 201
Number of adequate spectra: 5 ( 25%) 
Number of I frames: 7 ( 35%)













































































Table A1.3: Possible Sample Members
a op<(1950) V (1 9 5 0 ) ± " S l A m cz ± ccd
00 02 17.50 12 32 06.0 6 . 0 1.35 18.7 0 0 ** 3
00 03 55.39 -8 3  22 49.9 1 . 8 1.89 19.0 0 0 190
00 05 56.00 -0 6  15 30.0 1 2 . 0 1.15 19.0 0 0 ** 5
00 07 18.20 12 27 22.3 0 . 6 1.69 17.8 0 0 ** 0
00 10 22.15 77 32 06.3 0 . 6 2.23 18.6 0 0 ** 2 0 1
00 10 50.73 -5 6  27 05.8 1 . 8 0.69 19.0 0 0 190
00 12 29.88 31 59 33.3 1 . 0 1.34 18.7 0 0 * 14
00 14 07.00 -3 8  43 26.0 14.0 0.91 18.0 0 0 16
0 0  16 2 1 . 6 6 -5 1  31 35.7 1 . 8 0.93 19.0 0 0 190
00 20 02.15 -7 4  44 35.9 1 . 8 0.90 18.0 0 0 190
00 28 14.60 -5 0  35 03.0 6 . 0 1 . 0 1 19.0 0 0 13
00 35 59.50 -2 1  36 45.0 0 . 0 0 19.0 0 0 4
00 36 00.47 -2 1  36 34.6 0.4 0 . 0 0 19.0 0 0 1 2 0
00 36 31.76 -6 2  47 40.5 1 . 8 1.35 18.5 0 0 190
00 48 34.00 -4 4  45 06.0 16.0 1.15 18.5 0 0 16
00 52 32.38 -5 0  28 08.4 1 . 8 0.61 18.5 0 0 190
00 54 28.06 -4 5  07 14.8 1 . 8 0.78 18.5 0 0 190
01 05 43.10 -1 2  17 02.0 1 0 . 0 0 . 8 8 19.0 0 0 ** 4
01 07 21.68 -6 5  39 05.0 1 . 8 0.59 18.5 0 0 190
01 09 10.80 41 31 06.8 0.5 1 . 1 1 18.2 0 0 * 50
01 14 50.45 07 26 00.1 0.7 1.52 19.0 0 0 25
01 22 23.20 -2 5  32 47.0 1 0 . 0 1.23 18.5 0 0 4
01 30 42.34 -6 2  01 55.3 1 . 8 1 . 0 0 18.5 0 0 190
01 37 57.95 -1 7  44 28.2 1 . 2 0.71 18.0 0 0 ** 0
01 49 35.15 -3 9  24 56.5 0.7 0.91 19.0 0 0 67
01 53 30.70 -4 1  03 31.0 14.0 2.06 18.5 0 0 16
02 08 59.76 -2 4  05 28.8 0.5 0.91 17.5 0 0 32
02 09 59.64 -6 2  10 16.4 1 . 8 0.91 17.5 0 0 190
02 16 20.17 -4 7  31 50.7 1 . 8 0.85 18.0 0 0 190
02 22 24.60 26 39 16.0 1 0 . 0 0.59 19.0 0 0 ** 80
02 25 10.50 -3 0  51 10.0 14.0 1.05 18.5 0 0 6
02 26 36.68 08 38 12.4 ? ? . ? 0 . 6 8 18.5 0 0 ** 0
02 52 27.24 -71  16 49.4 0.7 5.24 19.0 0 0 18
02 59 11.50 -3 1  38 29.0 0 . 6 6 18.5 0 0 131
03 05 00.90 -1 3  09 47.0 6 . 2 0.79 18.5 0 0 ** 159
03 20 33.31 -4 6  37 22.5 1 . 8 1 . 0 0 19.0 0 0 190
03 23 44.20 -4 2  18 16.0 1 0 . 0 0.64 18.5 0 0 18
03 29 14.70 -2 6  16 53.0 6 . 0 0.63 18.5 0 0 32
03 42 30.99 -5 2  50 36.0 1 . 8 0.63 18.5 0 0 190
03 57 56.90 -3 7  09 22.0 6 . 0 1.37 18.0 0 0 1
04 22 56.60 -2 4  58 36.0 6 . 0 0.64 19.0 0 0 32
04 23 13.50 -1 7  07 07.0 6 . 0 0.74 19.0 0 0 ** 32
04 53 17.70 -3 0  11 33.0 ? ? . ? 3.26 18.5 0 0 0
04 54 26.43 06 40 30.9 1 . 0 0.85 19.0 0 0 ** 164
04 58 03.50 0 1  26 0 0 . 0 6 . 0 0.95 18.5 0 0 ** 51
04 59 43.80 13 33 57.3 0.5 1.07 19.0 0 0 1 2 0
05 08 53.50 -2 2  05 00.0 18.0 1.52 18.5 0 0 162
05 41 04.30 -2 4  22 14.0 ? ? . ? 1.03 18.0 0 0 0
06 19 34.03 -4 5  03 11.4 0 . 6 1.37 19.0 0 0 33
07 03 06.95 46 52 43.9 1 . 0 1.49 0 . 0 0 0 174
07 10 50.71 45 45 25.0 ??.? 1.34 0 . 0 0 0 0
07 20 51.90 61 53 21.8 ??.? 0.67 0 . 0 0 0 0
07 21 01.50 19 10 57.0 2 0 . 0 1.17 19.0 0 0 ** 35
07 24 57.96 46 46 22.6 1.3 0.74 0 . 0 0 0 114
07 33 16.90 24 17 24.3 1 . 0 0.45 19.0 0 0 108
220
0740+578 07 40 51.07 57 53 50.1 ??.? 0.59 0 . 0 0 0 0 0
0756+383 07 56 32.71 38 22 41.6 ??.? 0.53 18.4 0 0 0 0
0804+499 08 04 12.75 49 55 15.6 0.5 0.67 0 . 0 0 0 50 50
0814-779 08 14 11.63 -7 7  54 14.3 1 . 8 0.61 19.0 0 0 190 18
0818+179 08 18 53.00 17 58 00.0 6 . 0 1 . 8 8 19.0 0 0 ** 9 9
0823+379 08 23 49.81 37 58 35.1 1 . 0 0.49 19.0 0 0 14 14
0847+491 08 47 52.80 49 10 53.0 ??.? 0.97 0 . 0 0 0 0 0
0909+165 09 09 15.00 16 30 48.0 1 2 . 0 1 . 0 1 18.5 0 0 ** 33 3
0919+532 09 19 19.21 53 15 12.3 ??.? 1 . 8 6 0 . 0 0 0 0 0
0935-289 09 35 48.70 -2 8  59 45.0 ??.? 1.69 18.5 0 0 0 0
0941-080 09 41 09.50 -0 8  05 42.0 1 2 . 0 2.93 19.0 0 0 ** 123 123
0943-761 09 43 23.44 -7 6  06 19.9 0.5 1 . 8 6 19.0 0 0 96 96
0945-321 09 45 57.80 -3 2  09 37.0 0.98 19.0 0 0 17 17
*0955+320 09 55 01.80 32 05 06.0 18.0 0.65 17.9 0 0 117 117
1003-137 10 03 00.80 -1 3  44 44.0 6 . 0 0.59 19.0 0 0 ** 128 128
1006-214 10 06 12.70 -21  24 32.0 6 . 0 0.78 18.5 0 0 129 129
1012+410 10 12 57.90 41 01 43.0 5.0 1.04 18.3 0 0 99 99
1013+596 10 13 57.00 59 41 02.0 ??.? 0.52 0 . 0 0 0 0 0
1019+648 10 19 24.58 64 50 31.9 0.5 0.59 18.8 0 0 50 50
1043+552 10 43 16.40 55 14 43.0 ??.? 1.19 0 . 0 0 0 0 0
1102-185 11 02 56.00 -1 8  35 33.0 6 . 0 0.59 18.0 0 0 ** 129 129
1103-244 11 03 45.03 -2 4  28 31.0 0.5 1.05 17.5 0 0 55 55
1106+023 1 1  06 1 1 . 1 0 02 19 00.0 6 . 0 1.13 18.9 0 0 ** 51 51
1108+201 11 08 41.04 20 11 54.8 0.5 1.51 18.5 0 0 ** 1 0 1 1 0 1
1 1 1 1 + 1 1 1 11 11 56.50 11 06 48.0 6 . 0 0 . 8 8 18.2 0 0 ** 9 9
1111-037 11 11 58.90 -0 3  44 54.0 6 . 0 0 . 6 6 18.0 0 0 ** 0 0
1118+237 11 18 02.91 23 44 19.5 0.5 1.18 18.0 0 0 139 140
1119+216 11 19 51.78 21 40 49.9 2 . 0 0.64 18.5 0 0 141 81
1127-130 11 27 44.60 -1 3  03 40.0 1 0 . 0 0 . 8 6 18.5 0 0 ** 4 4
1130+339 11 30 30.16 33 59 47.0 1 . 0 0.82 18.9 0 0 83 117
1134+616 11 34 34.72 61 36 30.2 0.5 0.74 18.2 0 0 50 50
1140+217 11 40 21.25 21 45 50.9 0 . 6 0.71 18.0 0 0 33 33
1140+303 11 40 51.30 30 22 30.0 ??.? 0.71 18.9 0 0 0 0
1143-331 11 43 57.20 -3 3  11 53.0 1 2 . 0 1.79 18.5 0 0 6 6
1151+384 11 51 17.38 38 28 29.0 1 . 2 1.09 18.7 0 0 114 114
1153-231 11 53 35.90 -2 3  10 29.0 6 . 0 0 . 6 6 19.0 0 0 129 129
1155+266 11 55 45.50 26 37 50.0 6 . 0 0.79 19.0 0 0 158 158
1156-402 11 56 15.50 -4 0  13 16.0 14.0 0.79 18.5 0 0 16 16
1207-013 12 07 57.60 - 0 1  2 0  06.0 6 . 0 0 . 6 8 19.0 0 0 51 51
1210+208 12 10 23.60 20 49 18.0 ??.? 1.35 18.5 0 0 * 0 0
1222-252 12 22 14.90 -2 5  12 07.0 6 . 0 0.78 18.0 0 0 129 129
1227+181 12 27 01.50 18 06 52.0 1 0 . 0 1 . 0 1 19.0 0 0 * 130 130
1230+486 12 30 11.70 48 37 55.0 ??.? 0.67 0 . 0 0 0 0 0
1233-416 12 33 00.84 -4 1  36 07.0 i.ó 1.54 17.5 0 0 79 2
1236+612 12 36 07.20 61 15 47.5 ??.? 0.67 0 . 0 0 0 0 0
1243-849 12 43 11.47 -8 4  56 07.5 1 . 8 1.13 19.0 0 0 190
1247-194 12 47 41.00 -1 9  29 42.0 1 2 . 0 1.17 19.0 0 0 * 41 41
1249+092 12 49 11.00 09 12 48.0 6 . 0 1.69 19.0 0 0 * 9 9
1258-229 12 58 17.34 -2 2  56 06.8 0.5 1 . 0 1 17.5 0 0 87 43
1303+684 13 03 20.20 6 8  24 43.0 ??.? 0.82 0 . 0 0 0 0 0
1307+000 13 07 15.97 00 03 21.4 3.0 1.45 19.0 0 0 * 74 51
1324-300 13 24 55.00 -3 0  02 28.0 1 2 . 0 0.98 18.0 0 0 6 6
1325-017 13 25 04.00 -01  47 36.0 1 2 . 0 1.34 18.5 0 0 * 41 41
1325+553 13 25 38.94 55 19 37.4 ??.? 0.67 0 . 0 0 0 0 0
1329-257 13 29 45.00 -2 5  44 30.0 1 2 . 0 1.57 18.0 0 0 5 5
1338+044 13 38 50.10 04 29 07.0 6 . 0 0.64 19.0 0 0 131 131
1343-416 13 43 05.40 -41  41 09.0 1 0 . 0 0.91 19.0 0 0 18 18
221
1353-341 13 53 10.10 - 3 4 06 29.0
1 4 0 5-298 14 05 35.80 - 2 9 50 11.5
1410-069 14 10 57.72 - 0 6 56 07.6
1 4 1 4-212 14 14 38.60 - 2 1 12 59.0
1 4 1 6-374 14 16 58.80 - 3 7 29 53.0
1426+030 14 26 32.67 03 05 10.0
1 4 3 6-167 14 36 42.00 - 1 6 46 12.0
1447+402 14 47 04.71 40 13 02.6
* 1449-129 14 49 51.50 - 1 2 59 00.0
*1453+166 14 53 45.70 16 38 58.0
1514+186 15 14 39.90 18 41 20.3
1518+046 15 18 45.70 04 40 48.0
1521+111 15 21 33.50 11 06 17.0
1526-082 15 26 01.40 - 0 8 16 07.0
1529+700 15 29 05.30 70 05 07.0
1543+019 15 43 03.70 01 59 12.0
1555+455 15 55 43.70 45 31 00.0
1559+538 15 59 01.39 53 48 04.3
* 1601-003 16 01 19.10 - 0 0 21 42.0
*1601+528 16 01 29.19 52 52 11.0
1602+495 16 02 44.16 49 35 37.3
*1610+407 16 10 05.92 40 47 59.4
1614+473 16 14 14.85 47 18 50.9
1625-750 16 25 10.26 - 7 5 02 35.6
*1654-137 16 54 21.70 - 1 3 44 23.0
1711-670 17 11 13.58 - 6 7 03 04.1
1746+712 17 46 26.21 71 16 49.6
1756-663 17 56 12.17 - 6 6 22 46.2
*1759+211 17 59 40.50 21 09 25.1
1807+707 18 07 24.36 70 44 13.5
*1853+505 18 53 52.17 50 31 39.8
1908+484 19 08 24.80 48 29 38.0
1913+621 19 13 19.06 62 06 13.4
1918-355 19 18 35.80 - 3 5 32 29.0
*1922+690 19 22 24.39 69 05 19.6
1939-406 19 39 48.17 - 4 0 36 43.1
1943+546 19 43 22.28 54 40 48.6
2 0 1 6 -4 3 8 20 16 59.70 - 4 3 53 33.0
2041-551 20 41 09.49 - 5 5 06 54.5
2 0 4 8-147 20 48 22.00 - 1 4 46 24.0
*2053-201 20 53 12.50 - 2 0 08 06.0
2121+028 21 21 11.54 02 51 52.2
2 1 3 0-425 21 30 50.80 - 4 2 32 01.0
2 1 3 5-189 21 35 19.14 - 1 8 57 12.3
*2146-016 21 46 08.63 - 0 1 36 36.3
2206-251 22 06 34.52 - 2 5 08 17.5
2 2 1 3-456 22 13 52.36 - 4 5 36 42.1
2 2 2 2-405 22 22 57.20 - 4 0 35 43.0
2 2 3 4-253 22 34 33.90 - 2 5 22 21.0
2 2 3 5-143 22 35 34.80 - 1 4 21 38.0
2248+067 22 48 15.43 06 46 10.0
2 2 5 1 -3 2 4 22 51 48.64 - 3 2 25 26.9
2 3 0 3-008 23 03 11.73 - 0 0 52 22.2
*2305+183 23 05 28.10 18 18 46.0
2 3 0 8-048 23 08 17.00 - 0 4 53 54.0
2 3 1 3-182 23 13 08.57 - 1 8 16 53.9
2313+124 23 13 09.00 12 26 28.0
2313+012 23 13 43.79 01 12 29.8
??.? 1.08 18.5 0 0 0 0
1.0 0.98 18.0 0 0 182 182
0.5 1.13 19.0 0 0 127 127
12.0 1.10 18.0 0 0 53 53
14.0 1.42 18.0 0 0 16 16
1.0 0.71 18.5 0 0 * 191 74
12.0 1.76 18.7 0 0 73 73
??.? 0.45 18.4 0 0 0 0
12.0 1.34 18.0 0 0 5 5
3.0 0.95 17.5 0 0 194 194
0.5 1.22 19.0 0 0 115 115
6.0 3.89 19.0 0 0 9 9
3.0 0.95 18.5 0 0 * 194 131
10.0 0.78 19.0 0 0 4 4
??.? 0.00 0.0 0 0 0 0
12.0 0.95 18.5 0 0 * 3 3
10.0 0.00 0.0 0 0 200 200
??.? 0.82 0.0 0 0 0 0
6.0 0.76 17.5 0 0 * 51 51
0.5 0.00 18.7 0 0 * 50 50
0.5 0.59 0.0 0 0 55 55
0.5 0.59 18.7 0 0 * 168 168
??.? 0.67 0.0 0 0 0 0
1.8 0.81 18.0 0 0 190 18
10.0 1.61 18.0 0 0 * 4 4
1.8 0.74 18.5 0 0 190 18
0.6 0.69 18.9 0 0 * 201 201
1.8 1.78 19.0 0 0 190 2
0.7 0.88 17.5 0 0 ** 193 158
0.6 0.00 17.2 0 0 201 201
0.5 0.67 18.6 0 0 ** 168 168
??.? 0.52 0.0 0 0 * 50 50
??.? 0.82 0.0 0 0 * 0 0
14.0 1.62 18.5 0 0 16 16
0.5 0.82 18.2 0 0 ** 168 168
0.5 0.83 19.0 0 0 87 87
??.? 1.49 0.0 0 0 * 0 0
10.0 0.63 19.0 0 0 18 18
1.8 1.12 18.5 0 0 190 18
12.0 1.86 19.0 0 0 * 26 26
6.0 2.71 17.8 0 0 20 20
0.4 0.61 19.0 0 0 * 66 66
??.? 0.63 18.5 0 0 0 0
1.2 2.50 19.0 0 0 * 0 26
0.9 0.66 18.0 0 0 ** 66 66
0.5 0.81 18.0 0 0 32 32
0.5 1.83 19.0 0 0 17 17
14.0 0.95 18.5 0 0 16 16
6.0 1.01 19.0 0 0 32 32
??.? 0.79 19.0 0 0 * 0 0
0.5 1.69 19.0 0 0 ** 127 127
1.0 0.68 18.0 0 0 182 6
0.7 0.63 18.5 0 0 ** 25 48
6.0 0.73 18.0 0 0 ** 131 131
6.0 0.63 18.5 0 0 ** 32 32
1.0 1.40 19.0 0 0 ** 0 26
12.0 0.88 19.0 0 0 ** 43 43
0.6 1.05 19.0 0 0 ** 0 43
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2 3 1 3 -1 2 2 23 13 46.00 - 1 2  13 46.0 10.0 1.94 19.0 0 0 ** 4 4
2 3 1 8 -1 9 5 23 18 11.50 - 1 9  35 45.0 6.0 0.88 19.0 0 0 ** 32 32
2 3 2 2 -0 5 2 23 22 45.00 - 0 5  14 24.0 12.0 1.22 18.5 0 0 ** 123 123
2 3 2 4 -2 5 9 23 24 00.20 - 2 5  58 22.0 6.0 0.71 18.0 0 0 32 32
2 3 2 4 -0 2 3 23 24 19.48 - 0 2  18 44.6 0.8 2.66 18.0 0 0 ** 0 26
2 3 2 6 -1 9 6 23 26 56.40 - 1 9  39 29.0 6.0 1.22 18.5 0 0 ** 32 32
2334+085 23 34 07.40 08 33 18.0 2.0 1.10 18.5 0 0 ** 23 43
2338+000 23 38 32.70 00 01 54.0 6.0 0.63 19.0 0 0 ** 51 51
2 3 5 4 -3 2 0 23 54 06.10 - 3 2  05 48.0 10.0 0.61 19.0 0 0 18 6
Number of adequate spectra: 16 ( 8%) 
Number of I frames: 64 ( 35%) 
Number o f B frames: 41 ( 22%)
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Table A l.4: Definite Sample Non-Members
a opi(1950) <5opt(1950) ± " S ia m cz ± ccd Refs
*0005-199 00 05 42.90 -1 9  56 26.0 1 . 0 0.76 17.0 35226 150 * 8 4 7
*0038+086 00 38 17.00 08 37 30.0 0 . 2 1.35 17.5 38673 300 ** 5 5 0
*0039+211 00 39 02.88 21 07 40.6 0.4 0.69 16.5 30489 90 * 33 33 0
*0040-065 00 40 14.32 -0 6  30 19.4 0 . 8 1.05 17.0 36815 240 ** 0 35 0
*0059+144 00 59 27.42 14 27 18.8 0.5 1.56 18.5 56361 150 42 43 42
*0124-117 01 24 07.08 -11  46 56.1 0 . 8 0.79 17.5 37054 180 ** 0 32 0
*0155-212 01 55 32.15 -21  16 53.7 1.4 0 . 6 8 17.0 48596 150 * 0 32 7
*0213-132 02 13 12.00 -1 3  13 30.0 1 2 . 0 4.90 18.5 44789 180 ** 26 26 0
*0213+025 02 13 59.77 02 30 22.0 1.7 0.64 18.0 43410 240 ** 74 74 0
*0226-284 02 26 17.40 -2 8  27 08.0 6 . 0 0.64 18.0 62777 2 1 0 32 32 0
0245-044 02 45 38.60 -0 4  27 43.0 6 . 0 0.59 17.5 40771 300 32 32
*0246-135 02 46 16.00 -1 3  34 54.0 1 2 . 0 1.05 19.0 40172 400 ** 41 41 0
*0254+064 02 54 31.71 06 26 02.4 1.51 17.5 39723 2 1 0 ** 0 4 0
*0301-122 03 01 36.15 -1 2  17 39.6 0.7 0.74 17.0 30279 150 ** 0 43 0
*0305-226 03 05 18.10 -2 2  36 55.0 1 0 . 0 1.76 18.5 80914 300 4 4 0
*0309-316 03 09 49.40 -3 1  41 27.0 1 2 . 0 1.05 18.5 76687 150 6 6 0
*0326-288 03 26 31.50 -2 8  51 54.0 1 0 . 0 1.40 17.5 32917 150 * 4 4 0
0344-291 03 44 58.00 -2 9  09 38.0 ??.? 0.83 17.0 39722 1 2 0 0 0 0 0
*0357-247 03 57 49.70 -2 4  42 25.0 1 Ó.Ò 0.74 18.5 30759 600 4 4 0
*0402+179 04 02 27.60 17 58 12.0 6 . 0 0.79 18.0 33397 240 ** 131 131 0
*0420-263 04 20 30.00 -2 6  23 30.0 18.0 1.40 18.5 39603 130 162 162 0
*0424-268 04 24 37.00 -2 6  50 42.0 6 . 0 1 . 0 1 17.0 809 600 2 0 2 0
*0442-282 04 42 38.00 -2 8  15 18.0 6 . 0 6.26 18.5 44369 150 2 0 2 0 0
*0509+011 05 09 21.90 01 07 05.1 0 . 6 0 . 6 6 18.0 36574 300 ** 6 6 6 6 0
*0521-328 05 21 41.70 -3 2  53 59.0 1 2 . 0 0.98 18.0 63766 300 43 43 0
*0522-483 05 22 00.92 -4 8  19 13.3 1 . 8 1.03 18.5 57170 180 190 13 0
*0530+040 05 30 25.50 04 03 48.0 1 2 . 0 2 . 0 1 19.0 44519 300 ** 3 3 0
*0533-120 05 33 13.00 -1 2  04 30.0 1 2 . 0 1.35 17.8 46768 300 26 26 0
*0533-512 05 33 15.27 -51  15 07.0 1 . 8 0.91 17.5 33097 300 190 13 0
*0534-497 05 34 58.22 -4 9  46 12.5 0 . 8 1.69 18.5 55162 600 76 76 0
*0600-131 06 00 49.50 -1 3  10 18.0 1 2 . 0 1.27 18.0 44489 300 ** 41 41 0
*0611-254 06 11 31.50 -2 5  29 48.0 18.0 1.07 18.0 52973 300 162 162 0
*0647+693 06 47 49.00 69 23 25.0 ??.? 1.78 0 . 0 32827 60 0 0 0
*0649+485 06 49 00.41 48 35 09.3 0.5 0.52 18.7 50455 150 168 173 0
*0651-603 06 51 15.93 -6 0  18 29.6 1 . 8 1.39 18.0 40172 300 190 17 0
*0657+687 06 57 35.02 6 8  45 36.6 0.5 1.49 16.9 32498 180 168 168 0
*0705-502 07 05 43.82 -5 0  17 40.8 0 . 6 1 . 0 1 18.5 119617 180 * 33 33 0
*0732+182 07 32 13.78 18 14 58.7 0 . 6 0.85 18.0 42211 240 ** 33 33 0
*0810+665 08 10 10.13 6 6  35 47.9 1 . 0 0.52 18.7 43200 1 2 0 92 34 0
0811+398 08 11 53.88 39 49 57.8 0.4 0.56 19.0 39573 0 93 93 93
*0811+131 08 11 55.50 13 07 24.0 6 . 0 1 . 8 6 18.0 42870 300 ** 9 9 0
*0814+547 08 14 12.02 54 46 28.8 0.5 0.59 17.7 34956 90 50 50 105
*0820-047 08 2 0  06.60 -0 4  47 12.0 1 0 . 0 0.85 18.0 36725 600 ** 4 4 0
*0829+187 08 29 24.51 18 42 24.5 0.5 1.44 18.0 45868 150 0 5 1 1 0
*0837+613 08 37 14.99 61 23 16.8 0.5 1.19 18.6 39212 300 50 50 0
*0845+061 08 45 57.00 06 06 1 2 . 0 6 . 0 1.18 18.2 37174 240
** 9 9 0
*0849+548 08 49 22.24 54 48 25.5 0.5 0.59 18.6 33367 180 50 50 0
*0850-034 08 50 57.36 -0 3  29 43.2 0.4 1.34 18.0 41671 300
** 115 115 0
*0851+071 08 51 08.54 07 06 20.0 ??.? 1.18 18.5 44969 600 0 0 0
*0854-034 08 54 40.90 -0 3  28 03.0 ??.? 1.13 18.0 51714 300
** 0 0 0
0858+299 08 58 10.97 29 55 24.1 1 . 1 0.47 17.9 58220 0 0 117 118
*0936+361 09 36 50.50 36 07 34.0 7.0 3.08 19.0 41371 30 89 89 90
*0944+624 09 44 53.32 62 28 50.7 0.5 0.67 18.2 38313 270 50 50 0
*0952-306 09 52 19.30 -3 0  39 06.0 1 2 . 0 0.71 17.5 43470 2 1 0 6 6 0
*0958-314 09 58 27.50 -31  25 26.0 ??.? 0.81 12.7 2818 180 0 0 0
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*1019+083 10 19 12.57 08 23 40.7 1 . 0 0 . 6 6 17.0 30789 240 ** 0 130 0
*1024-070 10 24 59.30 -0 7  03 28.0 1 0 . 0 0.64 18.5 48566 2 1 0 ** 4 4 0
*1036+058 10 36 52.00 05 51 56.0 6 . 0 0.59 18.0 36874 300 ** 131 35 0
*1107-372 11 07 35.50 -3 7  15 48.0 6 . 0 0.69 1 2 . 1 2878 150 * 134 7
1125+260 11 25 26.70 26 01 24.0 ??.? 0.51 17.3 2698 0 ** 0 0 30
*1125+588 11 25 41.94 58 50 20.6 1.3 1.04 1 1 . 8 2971 45 ** 0 50 147
*1127+012 11 27 47.51 01 14 56.6 0.4 0.76 17.8 39633 270 6 8 51 51
1141+374 11 41 43.02 37 24 06.3 ??.? 0 . 8 8 18.1 34476 0 0 0 0
*1146-117 11 46 33.64 -1 1  47 52.7 0.5 1.45 18.3 35065 300 87 41 95
*1148-353 11 48 44.90 -3 5  20 10.0 14.0 1.30 18.0 37804 90 16 16 0
*1151+099 11 51 14.24 09 58 10.9 0 . 8 0.61 16.5 30459 2 1 0 0 9 0
*1159+583 11 59 30.50 58 18 48.9 ??.? 1 . 1 1 17.4 30459 1 2 0 0 0 0
*1201-041 12 01 29.00 -0 4  06 06.0 1 2 . 0 2.23 18.0 31778 300 * 26 26 0
*1215-457 12 15 27.37 -4 5  43 49.3 1 . 0 5.58 18.0 158021 150 142 142 0
*1221-423 12 21 03.84 -4 2  18 55.3 1 . 0 2.74 17.0 51354 300 142 2 0 0
*1231+674 12 31 03.69 67 24 15.4 ??.? 0.97 17.7 32228 180 0 0 0
*1254-268 12 54 47.10 -2 6  51 32.0 6 . 0 0.61 17.5 40232 400 129 129 0
*1301-086 13 01 41.80 -0 8  38 17.0 ??.? 0.74 16.5 30249 270 ** 0 0 0
1304-215 13 04 01.70 -2 1  31 42.0 1 0 . 0 0.78 17.5 37800 0 4 4 205
*1411+094 14 11 33.00 09 29 18.0 6 . 0 1 . 0 1 18.3 46468 700 * 9 9 0
*1423-177 14 23 11.60 -1 7  43 16.0 1 0 . 0 1.18 18.0 32078 300 * 4 4 0
*1517-283 15 17 06.00 -2 8  23 37.0 1 0 . 0 1.03 17.5 36725 300 4 4 0
*1538+082 15 38 03.54 08 14 42.6 0.5 0.93 16.5 37924 2 1 0 * 55 130 0
1636+379 16 36 15.90 37 58 48.0 4.0 0.51 18.3 48057 1500 ** 1 0 2 1 0 2 0
*1643+022 16 43 11.40 02 17 12.0 ??.? 1.94 17.0 450 1 2 0 * 0 0 0
*1839-486 18 39 26.18 -4 8  39 23.5 1 . 0 3.38 17.5 32677 240 64 64 0
*2049+175 20 49 17.30 17 32 10.0 ??.? 0.74 18.0 33705 300 ** 130 130 0
*2056-369 20 56 32.70 -3 6  57 35.0 14.0 0 . 8 6 18.0 32305 240 16 16 0
*2123+007 21 23 13.00 00 42 48.0 6 . 0 0.64 17.5 40322 270 ** 9 9 0
*2225+100 22 25 47.60 10 04 57.9 0 . 8 0.83 17.5 40322 150 * 0 130 0
*2254-367 22 54 22.90 -3 6  43 52.0 14.0 1.39 11.3 1709 150 16 7
*2320+417 23 20 20.40 41 42 05.0 ??.? 0.59 0 . 0 44519 240 0 0 0
*2338-001 23 38 26.20 -0 0  11 48.0 6 . 0 0.63 17.2 31029 0 ** 51 51 0
Number of adequate spectra: 80 ( 90%) 
Number of I frames: 40 ( 45%)
Number of B frames: 28 ( 31%)
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A p p e n d i x  B
Catalogue of Radio Galaxy Spectra
Herein are p lo tted  th e  sp ec tra  for all the radio galaxies observed during the  course of 
this thesis. Only six spec tra  recorded in the M ay 1988 run on M auna Kea however were 
considered useable and  these are only of poor S /N  so have been om itted .
T he p resen ta tion  is such th a t  observations from each telescope have been individually  
grouped. O bjects are arranged in order of increasing righ t ascension.
The CCD sp ec tra  from  UH 8 8  and CTIO have been fluxed so th a t the scale along the 
o rd inate  of the  plots is a relative flux m easure. For the W H T, AAT and IN T spec tra  
the un its  are pho tons/second. T he quantity  p lo tted  along the abscissa in all cases is 
w avelength in  A ngstom s. T he spectra  have all been scrunched to  linear w avelength bins 
and for the  CTIO  sp ec tra  in  particu lar the wavelength range for th is was specifically 
chosen so as to  reject the  long wavelength end of the spectrum  where atm ospheric A and 
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A p p e n d i x  C
Analytic approximations to Profile Convolu­
tions
C l Introduction
T he tw o-dim ensional convolution of a circularly sym m etric galaxy m odel w ith a  G aussian 
p o in t-sp read  function (P S F) can be reduced to  a  single in tegral (Bailey & Sparks 1983). If 
the  in trin sic  in tensity  d istribu tion  of the galaxy m odel follows a  power law , then analytic 
approx im ations to  the  convolution in tegra l exist. Sparks (1988) has generalised this work 
to  consider m ore realistic forms for the  in tensity  profile of a galaxy. A lthough his analytic 
expressions fit very well a t large and sm all radii, there is an in term ediate  range where the 
approx im ations break down and fail to  m atch  the exact convolution. Here we extend the 
w ork of Sparks and look for b e tte r analy tic  approxim ations to  the convolution of an r l !‘x 
profile, which collectively cover the en tire  range of radius over which the effects of seeing 
are p robab ly  im p o rtan t.
C2 Method
Convolving an  in trinsic  power-law light profile
i(p) = A kp k ( C . l )
w ith  a  tw o-dim ensional G aussian P SF
(C. 2)
where p = ( x 2 +  y2)1/ 2, gives an observed in tensity  profile
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w here r(z ) is the  usual gam m a-function and \F\(a,f3\z) is the  confluent hypergeom etric 
function . A m ore flexible represen ta tion  of the in tensity  d istribu tion  of a  galaxy is
I ( s )  = I ee~a^ '> - 1 = I0e - asl (C .4)
w here s is th e  ra tio  of radius to  characteristic size ro and I q is a characteristic  or effective 
in tensity . T his expression accom m odates the em pirical relations which have been derived 
for ellipticals ( a  ~  7 .67 ,7  — 0.25) and the exponential disc of spirals ( a  ~  1 .68 ,7  =  !)• 
To m ake use of the  analy tic  solution to the convolution in tegra l given by equation  (j) the 
in ten s ity  d istrib u tio n  in  equation  (') m ust be recast as a power-law. T hus, adopting  the 
usual expansion for an exponential series one obtains
00 / -t\n 00
(c .5 )
and  th e  n th  term  of the series is
n\n=0 n=0
>:(”) =  v — ( C. 6)\
w hich is of the  desired power-law form w ith k = - 7 7 1  and A k =  Io  ̂ ar£  ^  ■
T hese are com pletely general form ulae for galaxies w ith  power-law light profiles. Here 
we shall only consider r 1/ 4 law galaxies since this em pirical fir to the  d a ta  in C hap ter 4 
was found to  be sufficiently adequate for m ost of the  radio galaxies.
C 2.1  A N A L Y T I C  A P P R O X I M A T I O N  FO R  SM ALL RADII
T his can be derived by noting th a t the confluent hypergeom etric function can be expanded 
in  a  pow er series as follows:
a z a(a + 1) z 2 , ^
. A ( « ; M )  = i + n i  + i ( i  + i ) 2 ! ]
valid for all z. S ubstitu ting  this into equation (,) and expanding the exponential term
c 3
gives, for a pow er law  i{p)
¿obs ~  A k2~ k/2 a ~ kV ^1 “  ( 1 ~  2 Z)  (^'•8)
for sm all z and where, as before, z =  r 2/2 a 2. For the model galaxy profile we set k = -~ /n  
and  perform  an infinite sum.
I ( s ) =  f ;  A k2n^ 2a ^ T  ( l  +  ( l  +  ^ z )  (C.9)
o
w here th e  app ropria te  form  for A k has been given above.
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C 2 . 2  A N A L Y T I C  A P P R O X I M A T I O N  F O R  L AR GE  RADII
To derive th is, use is m ade of the asym ptotic expansion of the confluent hypergeom etric 
function  iF i(a ,  b; z)  valid for large z . This is
s -i
1F l ( a , b ; z ) ~ ^ l z a- be* (
(1 — a)n(b  — a) j
+ 0 ( z ~ s ) (C. 1 0 )
T(a) \ n \z n .y '  \n=0 /
w here (#)„ denotes 9(9 -f 1) • • • (9 + n — 1). Upon substitu tion  in to  equation  (̂ ), the leading 
term s cancel and so a t large radii a power-law in tensity  profile produces an observed 
profile of th e  form
s - i




For k — —j n  and  the expression for A k , a  general term  for can be found and the 
observed in ten sity  calculated by sum m ing up from n  =  0 -> oo. A fter some considerable 
algebra, the  resu lts is
/ o b s ( r - )  -  / o e ( - r7)
'V2cr2




In  fact i t  tu rn s  out th a t  the analytic form ulae derived by Sparks and  w ritten  down in 
th re  preceding Section can be m ade to  fit a  large range of radius provided one is prepared 
to  take  enough term s in  the series expansion for the confluent hypergeom etric function. 
F igure C .l  shows the result of applying these expressions to  an r 1/ 4 profile convolved with 
a  P S F  of a  =  5 r0. An excellent m atch  to  the tru e  convolution, com puted by num erical 
in teg ra tio n , is found over all radii for which the effects of seeing on the  light profile are 
im p o rta n t. T his fit required 8 term s in  the sum m ation over i-F i(a, b; z)  for the long-range 
approx im ation .
C4 Conclusion
N um erical in teg ra tion  for the effects of seeing on power-law galaxy light profiles are com­
p u ta tio n a lly  intensive. A nalytic expressions to  the in tegral have been found by Sparks but
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Vi
'ig . C . l :  A naly tic approxim ate fit to  the convolution of an r 1/ 4 profile w ith  a gaussian
SF equal to  5 r0. T he bold line is for the  num erical solution to  the  2-d convolution 
itegral. T he short- and long-range approxim ations are shown by the  d o tted  and dashed- 
ot lines respectively.
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these were not tested  fully. This A ppendix dem onstrates th a t  the approxim ations work 
very well for an assum ed r 1/ 4 profile and require m any fewer floating-point operations, 
and  hence m uch less CPU tim e, th an  would be required by the  full 2-d in tegral.
A p p e n d i x  D
Environment Parameters for The GT Ellipti­
cals
T his A ppendix  provides listings of the cluster environm ent p aram eters , A ge and  B ge 
defined in  C hap ter 4, for the G7 elliptical galaxies. For galaxies n o rth  of 6 =  —23°, bo th  
th e  A bell cluster catalogue and Lick galaxy counts were used to  derive estim ates. The 
Lick e s tim ate  is preferable however and th is was used in  preference for the  biased peculiar 
velocities analysis presented in  C hapter 7.
2 7 7
T a b le  D .l:  L o ca l g a la x ia n  e n v iro n m e n t p a ra m e te rs  A ge a n d  B ge fo r th e  G 7 e llip tic a ls .
ID #  G P #  IAU A ) f v ± 6 A ge B ^ v ± 6 B ge
1 0 0002-307 0.139
4 0 0035-181 -0.015
23 0 0105-471 0.987
45 0 0136-427 -0.017
56 0 0150-139 -0.001
66 0 0204-413 -0.012
67 0 0205+107 -0.001
76 0 0240+322 -0.011
101 0 0336-225 -0.008
112 0 0406-211 -0.007
117 0 0427-269 -0.007
120 0 0429+731 -0.007
128 0 0456+005 -0.008
129 0 0457-078 -0.007
130 0 0459-212 -0.009
131 0 0504-176 -0.009
132 0 0524-467 -0.007
137 0 0645-266 -0.002
138 0 0648-642 -0.005
139 0 0700-286 -0.002
141 0 0703+754 -0.006
149 0 0721-274 -0.001
150 0 0732-503 0.000
152 0 0759+095 -0.009
153 0 0817+212 -0.009
157 0 0843-336 -0.002
163 0 0902+185 -0.007
167 0 0917+720 -0.005
168 0 0917+012 -0.011
172 0 0922-635 -0.003
173 0 0922+116 -0.004
175 0 0940-034 -0.001
178 0 0955+105 -0.012
182 0 0958-027 -0.015
183 0 1002-074 0.000
188 0 1010+390 -0.019
190 0 1017-212 0.143
202 0 1038-459 0.270
206 0 1045-098 -0.002
209 0 1048-127 -0.008
210 0 1050-400 -0.010
211 0 1101-198 -0.006
212 0 1107-372 -0.001
213 0 1109+731 -0.018
224 0 1139-058 -0.001
231 0 1143+140 -0.004
240 0 1201+021 -0.014
244 0 1209+134 -0.002
246 0 1216+060 -0.002
278 0 1235+017 -0.001
289 0 1246-055 -0.001
1 o o CO H- 0.151
64.0




-0 .5 -114 .1+  116.9
-0.085+ 0.210
-5 .1
-0 .5 -8 1 .5 +  201.3
0.066+ 0.147 -4 .7 42.4+ 94.2
-0.101+ 0.121 -3 .2 -7 0 .5 +  84.5
0.004+ 0.126 -3 .0 2.7+ 88.3
-0.018+ 0.119
-2 .8
-3 .1 -1 2 .7 +  82.9
-0.118+ 0.242 -3 .6 -79 .3+  162.6
0.776+ 0.257 -2 .9 545.3+ 180.6
0.042+ 0.183 -3 .7 28.3+ 122.1










-3 .8 119.2+ 118.7
0.368+ 0.204 -3 .8 237.9+ 131.9
0.223+ 0.062
-0 .7
-3 .0 150.0+ 41.7
-0.182+ 0.053 -2 .2 -133.6+  39.0
0.132+ 0.066 -4 .7 80.9+ 40.4
1 O o GO CO H- 0.116
-1 .4
-1 .8 -6 6 .2 +  86.1
-0.021+ 0.097 -0 .6 -1 8 .5 +  83.7
-0.052+ 0.145 -5 .2 -3 1 .2 +  86.9
0.203+ 0.092 -6 .6 115.0+ 52.2
0.274+ 0.104 -0 .1 276.4+ 104.9
0.159+ 0.077 -8 .5 86.1+ 41.7
-0.062+ 0.049 60.2 -4 3 .6 +  34.5
-0.065+ 0.090
121.9
-1 .0 -5 3 .2 +  73.3
-0.061+ 0.080 -3 .4 -3 9 .8 +  52.2
-0.169+ 0.005
-4 .1
-2 .5 -118 .0+  3.5
0.118+ 0.113
-0 .5
-8 .2 65.0+ 62.3
-0.236+ 0.182 -0 .4 -214.0+  165.1
-0.021+ 0.065 -1 .8 -15 .6 +  48.2
0.137+ 0.097 -6 .4 78.4+ 55.4
0.200+ 0.202 -0 .9 164.4+ 166.3
0.161+ 0.026 -0 .9 134.0+ 21.7
-0.135+ 0.253 -0 .6 -118.1+  221.1
0.054+ 0.085 -0 .2 50.9+ 80.3
278
T a b le  D . l  c o n t ..
ID #  G P #  IAU A febe 11 A“ ck± S A ge B ^ n B ^ k ± 6 B ge
301 0 1249-215 -0.019
306 0 1251-065 -0.009
312 0 1254-194 -0.005
320 0 1257-219 -0.019
329 0 1258-042 -0.004
334 0 1305-492 -0.001
347 0 1328+469 -0.003
359 0 1403-336 1.232
360 0 1405-477 -0.001
365 0 1418+399 -0.001
366 0 1425-373 0.053
367 0 1426+260 -0.008
374 0 1458-072 -0.002
385 0 1554+225 -0.008
386 0 1602+240 0.265
390 0 1618+580 -0.009
399 0 1734+608 -0.006
405 0 1845+456 -0.009
406 0 1845+454 -0.002
409 0 1856-578 0.019
417 0 2002-403 0.253
424 0 2020-278 -0.014
430 0 2100-492 0.359
435 0 2105-436 1.857
451 0 2203-645 -0.004
456 0 2222-315 -0.027
458 0 2247+113 0.424
467 0 2330-453 -0.004
474 0 2352+056 -0.006
481 0 0645-266 -0.002
482 0 0816-252 -0.001
483 0 0928-301 -0.002
484 0 1000-314 0.000
488 0 1113-335 -0.001
494 0 1248-261 -0.005
553 0 2248-017 -0.004
2 21 0018+220 -0.013
3 21 0018+221 -0.013
12 23 0054-530 0.075
13 23 0054-532 -0.025
17 24 0104+322 -0.010
18 24 0104+322 -0.010
19 24 0104+321 -0.010
20 24 0104+321 -0.010
21 24 0104+320 -0.010
24 24 0105+328 -0.010
27 24 0108+328 -0.010
34 25 0122+014 0.181
35 25 0123-016 0.757
36 25 0123-015 0.757
37 25 0123-016 0.758
0.132+ 0.054 -8 .6 70.8+ 29.1
-0.042+ 0.079 -3 .8 -2 6 .9 +  50.6
0.070+ 0.048 -1 .9 51.2+ 35.2
-0.025+ 0.114 -8 .7 -1 3 .4 +  61.1
-0.350+ 0.054 -1 .7
-0 .3
-261.7+  40.4
-0 .116+  0.165 -1 .1
523.9
-0 .3
-9 5 .2 +  135.5
-0 .344+  0.108 -0 .3
22.2
-327.6+  102.9
-0 .369+  0.078 -3 .6 -243.0+  51.3
-0 .106+  0.107 -0 .7 -9 1 .8 +  92.3
-0 .085+  0.174 -3 .4 -5 7 .1 +  116.8
0.264+ 0.127 129.6 127.1+ 61.1
0.437+ 0.102 -3 .7 289.4+ 67.6
-0.306+ 0.152 -2 .4 -224 .8+  111.7
0.248+ 0.079 -3 .9 165.2+ 52.5



















-364 .6+  101.3
-0 .229+  0.141 -1 .6 -187 .2+  115.3
0.271+ 0.157 -5 .7 168.1+ 97.3




0.343+ 0.161 -4 .2 228.2+ 107.1
0.301+ 0.144 -4 .2 200.0+ 95.8
0.310+ 0.145 -4 .2 206.4+ 96.5
0.308+ 0.145 -4 .2 205.1+ 96.5
0.295+ 0.145 -4 .2 196.5+ 96.5
0.230+ 0.080 -4 .2 152.8+ 53.2
0.288+ 0.126 -4 .2 191.2+ 83.8
-0.521+ 0.128 77.9 -327.9+  80.5
0.665+ 0.146 326.1 418.1+ 91.8
0.602+ 0.133 326.2 378.5+ 83.6
0.626+ 0.137 326.4 393.6+ 86.1
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-0 .6 -102 .9+  236.0
-0 .6 -104 .8+  67.0
-0 .6 -118 .8+  146.2
306.2 -4 3 .4 +  81.4
332.4 114.8+ 187.7
357.0 272.9+ 196.4
87.2 -681 .4+  184.4
89.7 -674 .7+  70.6
60.8 -249 .6+  74.7
-0 .9 27.4+ 1.8
-0 .9 86.2+ 101.6
































-14.1 -222 .8+  88.0
-13.9 -238 .9+  109.9
-2 .2 -4 1 .8 +  88.4
-2 .2 -4 5 .7 +  83.2
-4 .3 115.3+ 80.3
-4 .3 116.5+ 80.3
280
T a b le  D . l  c o n t..
ID #  G P #  IAU A ^ f v ±  6 A ge B ^ k ± S B ge
123 34 0429-052 -0.010
256 35 1222-394 0.131
259 35 1224-390 0.136
140 36 0701+506 0.255
142 36 0705+487 0.732
143 36 0705+487 0.728
144 36 0705+487 0.726
145 36 0707+502 0.320
158 39 0846+192 -0.006
159 39 0846+192 -0.006
166 41 0916+339 0.625
169 41 0918+336 0.573
170 41 0919+340 0.589
184 44 1004-671 -0.001
186 44 1009-667 -0.001
189 45 1015+221 -0.001
192 45 1020+201 -0.001
193 46 1024-396 0.000
194 46 1026-354 0.150
195 46 1026-353 0.150
196 46 1026-353 0.151
197 46 1027-350 0.156
203 46 1038-368 0.002
199 47 1034-271 1.083
200 47 1034-272 1.095
201 47 1034-272 1.089
216 48 1114+182 0.000
217 48 1114+183 0.000
218 48 1114+184 0.000
221 50 1118+035 -0.001
222 50 1118+034 -0.001
225 51 1141+201 2.333
227 51 1141+202 2.331
228 51 1142+198 2.325
230 51 1143+200 2.331
234 51 1150+212 0.783
232 52 1146-289 -0.002
233 52 1148-285 -0.002
237 53 1155-180 -0.001
239 53 1158-175 -0.001
242 54 1205+653 -0.001
243 54 1205+654 -0.001
247 55 1217+295 0.000
248 55 1217+295 0.000
254 56 1221+075 -0.001
255 56 1222+131 -0.001
258 56 1223+132 -0.001
260 56 1224+084 -0.001
261 56 1226+135 -0.001
265 56 1227+082 -0.001
266 56 1227+137 -0.001




0.052+ 0.134 111.8 31.1+ 79.6
1.135+ 0.162 320.6 673.8+ 96.1
1.091+ 0.130 318.7 647.6+ 77.1
1.130+ 0.137 318.0 670.8+ 81.3
0.739+ 0.190 140.3 438.6+ 112.8
0.076+ 0.103 -2 .6 52.5+ 71.5
0.099+ 0.105 -2 .6 69.0+ 72.9
0.374+ 0.088 283.1 202.7+ 47.7





0.102+ 0.082 -0 .3 96.2+ 77.0










-143 .1+  5.6
-0.099+ 0.251 -0 .2 -9 4 .5 +  239.7
-0.094+ 0.252 -0 .2 -8 9 .8 +  240.7
-0.063+ 0.247 -0 .2 -6 0 .2 +  235.9
0.003+ 0.060 -0 .4 2.6+ 54.2
0.009+ 0.049 -0 .4 8.2+ 44.3
1.029+ 0.150 1044.1 573.3+ 83.6
1.032+ 0.094 1043.1 575.0+ 52.4
0.860+ 0.057 1040.5 479.0+ 31.8





-0.045+ 0.251 -0 .5 -4 0 .0 +  223.3
-0.101+ 0.109 -0 .5 -8 9 .9 +  97.0
-0.059+ 0.001 -0 .5 -5 3 .4 +  0.9-H00oo1 0.001 -0 .5 -4 3 .4 +  0.9
0.308+ 0.142 -0 .1 310.1+ 143.2
0.316+ 0.171 -0 .1 318.7+ 172.5
0.089+ 0.223 -0 .2 84.6+ 212.1
0.028+ 0.063 -0 .2 26.3+ 60.0
0.011+ 0.072 -0 .2 10.8+ 68.6
-0.429+ 0.109 -0 .2 -408 .7+  103.7
-0.030+ 0.189 -0 .2 -2 8 .6 +  180.1
-0.335+ 0.130 -0 .2 -318 .8+  123.7
-0.072+ 0.207 -0 .2 -6 8 .6 +  197.2
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-0 .2 -510 .6+  154.3
-0 .2 -517 .6+  151.5
-0 .2 -6 .7 +  267.8
-0 .2 164.3+ 132.4
-0 .2 27.3+ 64.8
-0 .2 -6 9 .5 +  143.7
-0 .2 -70 .8+ 68.6
-0 .2 -53 .4+ 38.1
-0 .1 -152.5+ 97.7










-3 .4 -60 .9+ 49.1
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-0.001 -0.156+  0.017



































-1 .3 -114 .6+  124.0
-1 .3 -2 4 .0 +  19.6
-1 .3 -116 .2+  129.6






-0 .4 -92 .5 +  27.2
-0 .4 11.1+ 90.8
-2 .0 -1 2 .1 +  46.2
-2 .1 -5 2 .8 +  86.6
-2 .1 -6 7 .7 +  140.8
-0 .5 -191 .2+  79.8
-0 .5 -141 .4+  15.4
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- 0 . 0 0 1 0.166+ 0.126
- 0 . 0 0 1 0.159+ 0.066















- 0 . 0 1 1 0.118+ 0.093
-0.016 0.391+ 0.107
- 0 . 0 0 1 0.002+ 0.063
-0.007 0.046+ 0.184
-0.050
- 0 . 0 0 1
- 0 . 0 0 1
-0.008
-HCOoOo1 0.121
- 0 . 0 0 1 -0.315+ 0.008
- 0 . 0 0 1 -0.171+ 0.030
0 . 0 0 0
0 . 0 0 0











- 0 . 0 0 1 -0.025+ 0.131
-0.007 0.266+ 0.091
- 0 . 0 0 1 0.289+ 0.306
- 0 . 0 1 1 -0.035+ 0.104
-0.005 -0.135+ 0.110
-0.003
- 0 . 0 0 1
-2 .1 178.2+ 78.0
-2 .1 160.5+ 74.1
1258.4
1185.6
-0 .4 153.5+ 116.8
-0 .5 147.5+ 61.2
-0 .5 164.7+ 62.1
-2 .9 20.1+ 81.0
-2 .9 -1 .9 +  63.2
-1 .4
-1 .4
-3 .9 366.1+ 96.9





-4 .2 121.4+ 58.2
-3 .4 -66 .0+  149.6
-2 .3 -5 .3 +  94.7
-1 .4 -176.1+  276.2
-4 .8 75.8+ 59.6
-7 .0 228.2+ 62.4
-0 .3 1.8+ 62.6




-3 .4 -5 .5 +  80.9
-0 .3 -304.0+  7.7
-0 .6 -150.6+  26.4
0.0
-0 .2
-2 .3 302.0+ 78.8
-1 .3 386.3+ 139.4
-9 .2 181.1+ 29.2
1727.4
-6 .0 80.8+ 79.3
-2 .1 74.3+ 112.6
-1 .3 -51 .6+  231.3
-0 .4
-0 .8 153.1+ 60.0
319.4 233.8+ 31.3
420.2 244.5+ 148.5
-0 .2 -23 .8+  125.0
-3 .1 178.5+ 61.0
-0 .6 260.6+ 275.8
-4 .8 -21 .5+  63.9




T a b le  D . l  c o n t..
I D # G P # IAU a A b e llge ck ±  6 A ge
to A b e ll
9e ^ LJck ±  à B se
235 244 1152-136 -0 .0 0 1 - 0 .0 0 8 +  0.095 - 0 .4 - 7 .1 +  84.9
241 245 1 204-294 -0 .0 0 2 - 0 .7
147 246 0715+858 -0 .0 0 2 0 .136+  0.327 - 0 .7 120.8+ 290.8
177 247 0941-210 -0 .0 0 2 - 0 .0 7 1 +  0.115 - 0 .8 - 5 9 .8 +  96.2
468 251 2335+267 1.122 1.478+ 0.209 538.1 724.9+  102.5
187 252 1010+033 -0 .0 0 1 - 0 .3 3 7 +  0.127 - 0 .3 -3 1 3 .5 +  118.2
348 253 1330+629 -0 .0 0 4 - 0 .0 0 8 +  0.124 - 1 .5 - 6 .3 +  97.1
353 254 1347+604 -0 .0 0 2 - 0 .1 1 9 +  0.081 - 0 .6 - 1 0 5 .2 +  71.6
358 255 1401+353 -0 .0 0 6 - 0 .0 7 2 +  0.241 - 2 .6 - 5 0 .5 +  169.0
439 266 2128-388 -0 .0 1 2 - 5 .2
427 268 2045-381 -0 .0 0 3 - 1 .2
422 269 2013-710 -0 .0 0 7 - 2 .9
14 271 0055+300 -0 .0 1 1 - 0 .0 8 3 +  0.106 - 4 .5 - 5 3 .9 +  69.2
73 272 0222-586 -0 .0 8 5 - 4 0 .8
161 273 0851-028 -0 .0 0 1 - 0 .0 5 5 +  0.117 - 0 .6 - 4 8 .3 +  102.7
339 274 1315-265 -0 .0 0 1 - 0 .6
518 275 1301-302 1.290 535.4
369 277 1439-363 0.000 0.0
401 278 1754-636 0.020 8.4
408 279 1852-546 -0 .0 0 3 - 1 .2
220 281 1115+582 -0 .0 0 1 0.053+ 0.109 - 0 .6 47 .0+  97.1
155 283 0842+741 -0 .0 0 2 -0 .0 1 1 +  0.194 - 0 .8 - 9 .7 +  168.9
171 284 0921-229 -0 .0 0 3 -0 .1 0 6 +  0.192 - 1 .1 - 8 5 .9 +  155.6
214 285 1110-264 -0 .0 0 1 - 0 .4
Table D .2 : G roup  identification  cod e  for the 5 m ost popu lou s clusters in the sam ple.
No.
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